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Abstract  
This research focuses on the synthesis and characterisation of novel molecular salts with the 
potential to undergo spin crossover (SCO) transitions. SCO describes the reversible transition 
between the LS and HS states, which can occur in some first row transition metal complexes with 
d4 – d7 valence electrons, induced by changes in external stimuli such as temperature. The 
rearrangement of electrons during the SCO transition results in changes to the properties exhibited 
by the bulk material, which can be characterised by a number of methods. Such techniques used in 
this work include X-ray diffraction (XRD), SQUID (Superconducting Quantum Interference Device) 
magnetisation measurements, differential scanning calorimetry (DSC) and Mössbauer spectroscopy.  
Both cationic and anionic complexes of iron (II) and iron (III) have been synthesised with a range of 
ligands, based on 2,6-bis(pyrazol-1-yl)pyridines/pyrazines (dpp), salicylaldehyde 
triethylenetetramine (sal2-trien) and salicylaldehyde thiosemicarbazones (thsa). Ionic materials 
previously reported to exhibit molecular conductivity are used as counterions, such as 
tetrathiafulvalene (TTF+), 7,7,8,8-tetracyanoquinodeimethane (TCNQ-), nickel (II) complexes of 
maleonitriledithiolate ([Ni(mnt)2]
-) and 2-thioxo-1,3-dithiole-4,5-dithiolato ([Ni(dmit)2]
-). Metathesis 
reactions or electrocrystallisation experiments have been utilised, resulting in salts in one of the 
following combinations; [SCO]+[Conductor]- or [Conductor]+[SCO]- where SCO is a potential SCO 
metal complex and conductor is an ion which may support electrical conductivity. Whilst there are a 
limited number of examples of the former, no examples have been found of the latter combination. 
The synthesis of SCO double salts has also been attempted to give [SCO][SCO] compounds, by 
reacting cationic iron (II) complexes with dpp ligands with anionic iron (III) complexes with thsa 
ligands. All products have been analysed by a range of techniques, including elemental analysis, 
infra-red spectroscopy, XRD, DSC, SQUID magnetisation measurements, Mössbauer spectroscopy 
and variable temperature resistance measurements. 
A number of novel products have been synthesised and characterised, some of which exhibit 
interesting behaviours ranging from SCO transitions to semiconductivity to long range magnetic 
order. Iron (II) complexes with dpp-type ligands exhibited a range of SCO behaviours (hysteretic, 
abrupt, gradual) depending on the anion. A combination of iron (III) complexes with sal2-trien 
derivative ligands yielded both ferro- and ferrimagnetic compounds. It was determined that minor 
structural changes via halogen substitutions (Cl or Br) can change the nature of magnetic ordering. 
The presence of both iron (II) and iron (III) centres in the SCO double salts resulted in multiple SCO 
transitions.     
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1.1 The Spin Crossover Phenomenon 
1.1.1 Introduction to Spin Crossover 
Switchable molecular materials are of interest due to their magnetic, optical and electrical 
properties. Compounds that exhibit Spin Crossover (SCO) are a well-known group of switchable 
materials. SCO describes the transition from one spin state to another, commonly induced by 
external stimuli, such as temperature, pressure or light irradiation. Complexes of first row transition 
metal ions with 3d4 – 3d7 valence electrons have the potential to exhibit SCO behaviour because 
there are two possible ways of arranging the electrons, in the high spin (HS) or low spin (LS) state. 
The majority of discovered SCO complexes thus far have d5 (such as Fe (III) complexes) or d6 (such as 
Fe (II) complexes) configurations with octahedral geometry, the HS and LS configurations for which 
are shown in Figure 1.1. A SCO transition can be easily measured as the transition results in changes 
to the bulk properties, namely structural and magnetic.   
 
Figure 1.1 HS and LS configuration for octahedral complexes of (a) d
5
 and (b) d
6
 materials, labelled with 
appropriate term symbols. 
1.1.2 Crystal Field Theory versus Molecular Orbital Theory 
The lifting of the degeneracy of the metal d orbitals (d4 to d7) when surrounded by an octahedral 
charge distribution (ligands) allows electrons to either occupy the lower energy t2g or higher energy 
eg orbitals, in accordance with Crystal Field Theory (CFT). The difference in energy between the t2g 
and eg orbitals is the ligand field splitting parameter (Δo). The size of Δo, relative to the spin pairing 
energy (the repulsion between two electrons sharing an orbital), dictate whether a material will exist 
in the HS or LS state. For example, if Δo is large, and the spin pairing energy is small, the LS state 
would be energetically favourable, as it takes less energy for electrons to share orbitals, rather than 
occupy higher energy orbitals. Whereas if Δo is small but the spin pairing energy is large, electrons 
will occupy the higher energy orbitals resulting in the HS state. When metal size and oxidation state 
remain constant, the field strength of the ligand dictates the size of Δo. The spectrochemical series 
(shown below) orders ligands depending on their field strength. Ligands which induce a d orbital 
splitting where there is no clear energetic preference for the LS or HS state are ideal for producing 
SCO materials.  
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Whilst CFT provides a simplistic explanation for d orbital splitting in transition metal complexes, as a 
purely electrostatic model it does not account for any covalency in the coordination bonding. CFT 
therefore has limited applications. For example, CFT cannot fully describe transition metal 
complexes such as [Ni0(CO)4] where there is significant covalent character. Neither can it fully explain 
the spectrochemical series, in which covalency plays an important role [1]. Molecular Orbital (MO) 
Theory is therefore applied to account for both ionic and covalent bonding in transition metal 
complexes, and to further explain the spectrochemical series.  
A molecular orbital diagram can be constructed with the metal and ligand atomic orbitals (AO’s), and 
considering σ-bonding and the symmetry-allowed interactions to give molecular orbitals (MO’s), 
shown in Figure 1.2a. Note the t2g orbitals are non-bonding, as no ligand AO’s have t2g symmetry, 
thus they remain localised on the metal. The size of Δo depends on the energy of the ligand donor 
orbitals, a good σ-donor ligand results in strong metal-ligand overlap, hence higher energy 
antibonding eg orbitals and a larger Δo. However Figure 1.2a only accounts for σ-orbitals, and orbitals 
with π-symmetry still need to be accounted for.  
Ligands with filled orbitals of π-symmetry (π-donor ligands) decrease the size of Δo, as the energy of 
these orbitals are lower than the metal d orbitals. Therefore the bonding MO’s formed from the 
overlap of the ligand π orbitals and the metal t2g orbitals are lower than the ligand orbitals, and the 
antibonding MO’s are closer in energy to the eg antibonding orbitals (Figure 1.2b). In this case the t2g 
MO’s are no longer non-bonding but become antibonding. Ligands with empty π orbitals available 
for occupation (π-acceptor ligands) increase the size of Δo, as the energy of these orbitals is greater 
than the metal d orbitals. Therefore the bonding MO’s are lower than the metal d AO’s, resulting in a 
greater energy gap from the antibonding eg orbitals (Figure 1.2c). The order of the ligands in the 
spectrochemical series which have orbitals with π-bonding in addition to σ-bonding can now be 
explained, for example CO at the high field end of the spectrochemical series is a π-acceptor ligand. 
Δo can be measured with electronic spectra in association with Tanabe-Sugano diagrams, discussed 
in section 1.2.5. 
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Figure 1.2 Molecular Orbital Theory diagrams for an octahedral complex with (a) σ-orbitals only (b) π-donor 
ligands or (c) π-acceptor ligands. 
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1.1.3 Types of Spin Crossover Behaviour and Cooperativity  
SCO behaviour can adopt a number of forms depending on the material, including gradual, abrupt, 
hysteretic, multi-step or incomplete, see Figure 1.3 [2]. Hysteresis (Figure 1.3c) involves a system 
where both the current and past history must be taken into account, i.e. the spin state is dependent 
not only on the current environment but also on its history. Materials that display hysteresis are 
bistable since they may exist in two stable states at a given temperature. Multi-step SCO (Figure 
1.3d), with or without hysteresis, involve additional intermediate stable states. Incomplete SCO 
(Figure 1.3e) occurs when the material still exists in a mix of spin states at the minimum or maximum 
temperature.  
 
Figure 1.3 Different types of SCO behaviour displayed: a) gradual, b) abrupt, c) hysteretic, d) multistep and 
e) incomplete, with temperature as x axis and fraction of HS state on the y axis [2]. 
Cooperativity within molecular materials has a large effect on the SCO behaviour [3].  Cooperativity 
describes the interactions between switching molecules, i.e. how changing the structure of one 
molecule is affected by the structure of a different molecule in the same material [4]. Cooperativity 
reflects the number and strength of intermolecular interactions within a material, such as those due 
to hydrogen bonding, π-stacking and dipole-dipole interactions. Strong intermolecular interactions 
promote cooperativity by transmitting changes during SCO from one site to another. In comparison, 
SCO in the liquid state exhibits less cooperativity and therefore SCO tends to be more gradual (Figure 
1.3a) rather than abrupt (Figure 1.3b) [5].  
1.1.4 The Factors Required for Spin Crossover 
As previously stated (section 1.1.1), complexes of first row transition metal ions with 3d4 – 3d7 
valence electrons have the potential to exhibit SCO behaviour. Second and third row transition 
metals with 4d or 5d valence electrons do not show SCO due to a large increase in the ligand field 
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splitting parameter (∆o), whilst the spin pairing energy remains largely unaffected, thus the LS state 
is commonly adopted. SCO is typically found in octahedral complexes, however SCO has also been 
reported in pentacoordinated complexes [6]. The oxidation state of the transition metal also has an 
effect on the tendency of the metal to exhibit SCO. Higher oxidation numbers, when other factors 
such as metal species and ligand remain the same increases the ∆o, and because the spin pairing 
energy is less affected, the LS state will again be preferred [5].  
Over 80 years ago Cambi et al. noted unusual magnetism in iron (III) complexes with 
dithiocarbamate ligands, which although weren’t understood at the time, turned out to be the first 
recognition of spin crossover as a function of temperature [7]. An understanding of the SCO 
phenomenon was not possible until the acceptance of appropriate theories such as CFT and MO 
theory, which explained transition metal complexes in terms of both stability and spectral and 
magnetic properties. Since the acceptance of such theories there has been an increased interest in 
the SCO phenomenon [8]. Since then research has aimed to discover more complexes exhibiting SCO 
transitions, in addition to finding which factors effect SCO behaviour and developing trends. Factors 
include pressure, magnetic field, presence of solvent, crystal structure, and so on. Hundreds of 
complexes exhibiting SCO have been discovered; most commonly complexes of iron (II), iron (III) and 
cobalt (II), with relatively few complexes of manganese (II), manganese (III), chromium (II) and 
cobalt (III) [9]. Although iron (III) complexes with SCO properties were discovered first, the number 
of iron (II) complexes with SCO properties now far exceeds the number of iron (III) complexes, which 
could be explained by a number of factors. LS iron (II) complexes are easily synthesised due to the 
maximum ligand field stabilisation energy (LFSE), in addition to iron having a low spin pairing energy 
[8]. The structural changes in iron (II) are more pronounced, upon a LS to HS transition the metal-
ligand coordination bond lengths increase by 0.2 Å on average (corresponding to a 5% increase in 
unit cell volume), compared to iron (III) with an average increase of only 0.1 Å (discussed in section 
1.2.1) [10]. SCO in iron (II) complexes also has the advantage that the HS and LS states exhibit 
drastically different magnetic behaviours (paramagnetic and diamagnetic respectively), whereas for 
iron (III) both the high and low spin states are paramagnetic (discussed in section 1.2.2). On the 
other hand iron (III) has much greater stability with respect to aerobic oxidation [11].  
There are many possible ligands which can be used, resulting in positive, neutral or negative metal 
complexes. Common ligands used in SCO materials include heterocycles with nitrogen-donor atoms, 
and less frequently oxygen or sulfur donor atoms, from the middle of the spectrochemical series.  
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1.2 Methods of Measuring Spin Crossover 
The electronic rearrangement in the d orbitals during SCO alters the properties of the bulk material. 
These properties can be measured at variable temperatures to detect and quantify SCO behaviour. 
Common methods to monitor SCO behaviour include structural characterisation, magnetisation 
measurements, Mössbauer spectroscopy and Differential Scanning Calorimetry (DSC). Other less 
frequently used methods include IR (infra-red) and Raman spectroscopy, Electron Paramagnetic 
Resonance (EPR) spectroscopy, UV/Visible (UV/Vis) spectroscopy and conductivity measurements.  
1.2.1 Structural Characterisation 
Single-crystal X-Ray Diffraction (SC-XRD) is one of the most valuable analysis techniques, as it not 
only confirms the identity of a material, but provides a large amount of other information such as 
molecular symmetry, bond lengths, unit cell size, distortion in complex geometry and can reveal 
short intermolecular contacts. All of these factors give an indication of spin state, and SC-XRD can be 
measured at different temperatures to compare the LS and HS states. The main drawback with 
SC-XRD which prevents universal use, is that a single crystal of suitable quality is required, which is 
not attainable for every material. Powder X-Ray Diffraction (P-XRD) can also be useful for identifying 
different structural phases of a material; however refinement of the structure can be a complicated, 
lengthy and is often an intractable process.  
Upon SCO between the LS and HS state the coordination bond lengths between the metal and ligand 
increase. Fe-N bond lengths are normally focused upon, which typically increase by approximately 
0.2 Å from 1.9 Å to 2.1 Å, however it has been noted that Fe-N bond lengths in iron (III) complexes 
may only increase by 0.1 Å [10]. This can be explained in terms of both MO Theory and CFT; bond 
lengths increase because electrons are moving into the antibonding eg orbitals, and in CFT, more 
electrons in the eg orbitals, which point directly at the ligands (section 1.1.2), weakens the 
coordination between metal and ligand. The increase in coordination bond lengths corresponds to a 
ca. 5% increase in unit cell volume [10].  
Octahedral distortion describes the variation in geometry from the perfect octahedron, and has 
been quantified by parameter Σ. Σ90 is the sum of the deviation of the angles from 90° for the ligand 
groups cis to each other, and Σ180 is the sum deviation of the angles from 180° for the ligand groups 
trans to each other [12]. Equation 1.1 can be used to calculate Σ90, where αi are the 12 angles of the 
ligand groups cis to each other at the metal centre [13], and an equivalent equation can be used to 
calculate Σ180. Complexes with the metal centre in the HS state generally have a higher octahedral 
distortion, thus upon transition to the LS state there is a reduction in distortion. By reviewing 
published structures of SCO iron complexes, the change in distortion (ΔΣ) is expected to be ca. 60° 
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and 30° for the cis and trans angles respectively [14, 15]. A correlation has been noted that 
complexes with large octahedral distortion are also more likely to remain in the HS state and not 
undergo SCO on cooling [13].  
 
∑       
  
   
 1.1  
 
Crystal structures also provide information on the intermolecular contacts throughout the material, 
short contacts are defined as when the distance between two atoms is lower than the sum of their 
respective van der Waals radii. Between two atoms there are both attractive (induced dipoles) and 
repulsive (electron-electron) forces, the magnitudes of which depend on the internuclear distance 
(d). The optimum internuclear distance (de) between the atoms is when maximum stabilisation is 
achieved, i.e. the lowest energy. The van der Waals radius (rv) is defined as half the optimum 
distance (de) between two atoms [16]. Short contacts between SCO complexes aid cooperativity 
throughout the material (section 1.1.3).  
An example of how variable temperature SC-XRD is used can be seen in the work of Elhaïk et al. The 
compound [Fe(dppL3)2](BF4)2.3MeNO2 (dppL3 is 2,6-Bis(pyrazolyl)pyrazine, Figure 1.4) showed SCO 
between 150 and 300 K. The Fe-N bond lengths averaged 2.163 Å at 300 K, compared to 1.954 Å at 
150 K, indicating iron (III) switched from the HS state at 300 K to the LS state at 150 K. The bond 
angles were used to calculate the octahedral distortion. At 300 K, the angles of the N-Fe-N ligand 
groups trans to each other vary from 146.1° to 173.2°, with a total Σ180 value of 74.1°. The angles of 
the N-Fe-N ligand groups cis to each other vary from 73.1° to 111.9°, with a total Σ90 value of 153.7°. 
At 150 K, the angles of the N-Fe-N ligand groups trans to each other vary from 159.1° to 177.4°, with 
a total Σ180 value of 44.1°. The angles of the N-Fe-N ligand groups cis to each other vary from 79.5° to 
102.6°, with a total Σ90 value of 91.6°. Thus ΔΣ180 = 30.0° and ΔΣ90 = 62.1°, again indicating the 
occurrence of SCO [14].  
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Figure 1.4 Structure of [Fe(dppL3)2]
2+
 (left) and [Fe(5-Brthsa)2]
-
 (right). 
Floquet et al. found Li[Fe(5-Brthsa)2].H2O (5-Brthsa is 5-Bromosalicylaldehyde thiosemicarbazone, 
Figure 1.4) exhibits hysteretic SCO  centred around 313 K [17]. Due to the absence of suitable single 
crystals, variable temperature P-XRD was used to complement a number of other techniques, 
including SQUID, Mössbauer and DSC measurements, to observe the transition. The disappearance 
and appearance of peaks in the range 12° ≤ 2θ ≤ 18° established the occurrence of a crystallographic 
phase transition. The crystal structure was later solved from the P-XRD data, at the temperatures 
corresponding to the complex existing in the LS and HS state [18].  
1.2.2 Magnetisation Measurements 
Determining the molar magnetic susceptibility (χM) over a wide temperature range is the most 
frequently used method to monitor SCO. The different orbital occupancies upon SCO have a 
pronounced effect on the magnetic susceptibility, making it straightforward to detect SCO.  
Magnetisation is most commonly measured using a SQUID (superconducting quantum interference 
device) magnetometer, but a Gouy or Faraday balance can also be used. SQUID magnetometers are 
discussed further in section 2.3.2. A magnetisation, the sum of individual magnetic dipoles within a 
material, is induced when a sample is placed in an applied magnetic field. Molar magnetic 
susceptibility (χM) measures the degree to which magnetic dipoles align in the presence of an applied 
magnetic field, per mole of material. χM can be calculated from SQUID magnetisation measurements 
using equation 1.2.  
 
     
                    
                  
 
                        
              
 1.2 
 
Various types of magnetism exist, depending on the absence or presence of unpaired electrons and 
long-range magnetic order within the material. If only paired electrons are present in a material, it is 
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termed purely diamagnetic. However since diamagnetism arises from the interaction of the external 
magnetic field with paired electrons, all materials exhibit some underlying diamagnetism. Despite 
the magnitude of diamagnetism being small compared to other forms of magnetism, it is still 
necessary to account for diamagnetism in materials which contain both paired and unpaired 
electrons, known as diamagnetic correction. This can be done in two ways; either the magnetisation 
of a structurally identical material with no unpaired electrons can be experimentally measured, or 
the sum of Pascal’s constants of diamagnetic contribution for each atom and bond in a material is 
calculated [19]. The total diamagnetic contribution from either method is subtracted from the total 
χM, to determine χM due solely to unpaired electrons.  
Other types of magnetism arise from the interaction of the external magnetic field with unpaired 
electrons, such as paramagnetism, ferromagnetism, antiferromagnetism and ferrimagnetism. Whilst 
paramagnetism doesn’t exhibit long-range order, the other three types of magnetism have strong 
interactions between neighbouring magnetic dipoles which result in long-range order throughout 
the material, and are discussed further in section 1.4.  
When paramagnetic materials are placed in an external magnetic field there is a propensity for the 
magnetic dipoles to align parallel to the external field, resulting in a large positive χM value. At higher 
temperatures, thermal randomisation of the magnetic dipoles occurs, reducing the magnetisation. 
The Curie Law (equation 1.3) describes the relationship between temperature and χM, with the 
proportionality constant, C (Curie constant). However materials tend to deviate from perfect Curie 
paramagnetism due to short-range interactions between neighbouring magnetic dipoles, and this 
deviation is modelled by the Curie-Weiss law (equation 1.4), where θ is the Weiss constant. Both C 
and θ can be derived by fitting equations 1.3 or 1.4 to a plot of χM vs. temperature. Alternatively, 
plotting 1/χM vs. temperature gives a straight line, where C is the inverse of the gradient of the line 
of best fit, and θ is the temperature at which 1/ χM equals 0. Generally, if θ is positive or negative, it 
can be interpreted as ferromagnetic or antiferromagnetic short-range coupling respectively. 
Ferromagnetic coupling is the propensity for dipoles to align parallel, whereas antiferromagnetic 
coupling is the propensity for antiparallel alignment.  
 
   
 
 
 1.3  
 
   
 
     
 1.4  
 
In the presence of a magnetic field, coupling between ground and excited states can also occur, 
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leading to temperature-independent paramagnetism (χTIP). χTIP can be modelled from experimental 
data using equation 1.5, and despite generally being of a similar magnitude to diamagnetic 
materials, χTIP becomes more significant at higher temperatures [20].  
 
   
 
     
      1.5  
 
SCO in octahedral iron (II) complexes has the most drastic change in magnetic behaviour, as the LS 
state has no unpaired electrons (S = 0), thus exhibits diamagnetism, compared to the paramagnetic 
HS state with four unpaired electrons (S = 2). Iron (III) has one unpaired electron in the LS state 
(S = 1/2) and five unpaired electrons in the HS state (S = 5/2), thus both states exhibit 
paramagnetism. Nevertheless, the S = 1/2 and S = 5/2 states can be distinguished, since the number 
of unpaired electrons can be directly calculated from χMT values using equation 1.6. The electron g 
factor (g in equation 1.6) is a proportionality constant that relates the observed magnetic moment to 
its angular momentum quantum number and the magnetic moment. The dimensionless value of g is 
commonly approximated to 2, however different values do arise depending on spin-orbit coupling. S 
is the total spin quantum number, the sum of ms (magnetic spin quantum number) values. Thus by 
plotting χMT vs. temperature, changes in magnetic behaviour can be observed, and the number of 
unpaired electrons at any given temperature can be calculated. The values of χMT for zero to five 
unpaired electrons, assuming g = 2, are shown in Table 1.1. χMT can also be expressed in Bohr 
magnetons (μ) using equation 1.7, with the results for zero to five unpaired electrons also in Table 
1.1.  
 
             
         1.6  
 
   √       1.7  
 
Other effects observed in SQUID data include Zeeman splitting and Zero Field Splitting. The Zeeman 
effect describes the interaction between spin states with an external field. When a material with 
unpaired electrons is placed in a magnetic field, degeneracy in the MS components is lifted in order 
to achieve the minimum energy, known as Zeeman splitting. The magnitude of the energy gap can 
be calculated using equation 1.8, where ΔE is the energy gap, g is the electron g factor, μB is Bohr 
magneton and H is the external magnetic field [20]. It can be seen from equation 1.8 that as the 
external magnetic field increases, so does the energy gap. Zero field splitting (ZFS) is the occurrence 
of Zeeman splitting in a zero applied magnetic field. When the ground state has a total spin quantum 
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number (S) greater than 2, spin orbit coupling between the ground state and excited states results, 
in addition to distorted symmetry, provokes Zeeman splitting. ZFS results in magnetic anisotropy, 
and it is commonly observed as a rapid decrease in χMT at very low temperatures [21]. 
 
        1.8  
Table 1.1 Values of χMT and μ calculated for number of unpaired electrons, assuming g = 2.  
Number of unpaired electrons S χMT (cm
3 K mol-1) μ (B.M) 
0 0 0 0 
1 0.5 0.375 1.73 
2 1 1.000 2.83 
3 1.5 1.876 3.87 
4 2 3.001 4.89 
5 2.5 4.377 5.92 
 
Nihei et al. found [Fe(dppL4)2][Ni(mnt)2].MeNO2 (where dppL4 is 2,6-Bis(pyrazolyl)pyridine and mnt 
is maleonitriledithiolate, Figure 1.5) exhibited highly interesting SCO behaviour [22]. Magnetisation 
was measured between 5 K and 270 K, and the resulting plot of χMT vs. temperature showed not 
only iron (II) existing in the HS and LS states, but also three intermediate phases (Figure 1.5). During 
cooling, SCO was abrupt at 180 K, with χMT dropping from 4.04 cm
3 K mol-1 (corresponding to HS 
iron (II) with two Ni moieties contributing S = 1/2) to 0 cm3 K mol-1 (corresponding to LS iron (II), with 
zero contribution from the nickel moieties due to dimerisation). Upon warming, three intermediate 
stable phases are observed before returning to the HS state. The first intermediate phase (IM1 in 
Figure 1.5) at 181 K with a χMT value of 1.18 cm
3 K mol-1 corresponds to one third of the iron (II) in 
the HS state, and the Ni moieties remain dimerised with zero contribution. The second intermediate 
phase (IM2 in Figure 1.5) at 189 K with a χMT value of 2.18 cm
3 K mol-1 shows more iron (II) sites are 
in the HS state. The third intermediate phase (IM3) at 226 K has a χMT value of 3.61 cm
3 K mol-1 
corresponds to HS iron (II) with a contribution from one Ni moiety. These observations were 
concordant with variable temperature SC-XRD and Mössbauer measurements [22]. 
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Figure 1.5 Structure of [Fe(dppL4)2]
2+
 and [Ni(mnt)2]
-
 (left) and plot of χMT vs. temperature for 
[Fe(dppL4)2][Ni(mnt)2].MeNO2 showing three intermediate phases in addition to the HS and LS states (right). 
Reprinted with permission from [22]. 
1.2.3 Mössbauer Spectroscopy 
Mössbauer spectroscopy probes the hyperfine interactions between the Mössbauer nuclei and its 
surrounding electrons to measure information on the magnetic, electronic and structural properties 
within a material, and thus is a valuable tool in analysing SCO in iron complexes. Only specific 
elements can be analysed using Mössbauer spectroscopy, as low energy gamma rays are required in 
combination with a long-lived excited state (discussed further in section 2.3.3). The most commonly 
analysed isotope is 57Fe, but 119Sn, 151Eu, 121Sb and 161Dy can also be analysed [23].  
Hyperfine interactions are probed by oscillating gamma rays, when the energy of the gamma ray 
matches that of a nuclear transition in the Mössbauer nucleus, the gamma ray is resonantly 
absorbed, and a peak is seen on the Mössbauer spectrum. The position of this peak, known as the 
isomer shift, is reported relative to a known absorber (such as iron foil), similar to the chemical shift 
in NMR spectroscopy. The shift is dependent on the screening effect of d electrons on the nucleus; 
more d electrons increases the screening effect, resulting in a large positive isomer shift. The area of 
each peak is proportional to the amount of species present. Therefore, when there are multiple 
peaks the ratio of species present in a sample can be determined, for example the ratio of iron (II) to 
(III) or HS to LS state. Variable temperature Mössbauer spectroscopy is therefore a highly useful 
technique for observing SCO, and monitoring the proportion of the LS to the HS states during a SCO 
transition. Other information derived from a Mössbauer spectrum includes quadrupole splitting, 
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which is seen as a doublet peak, Figure 1.6 [24]. Doublets arise when the Mössbauer nucleus has a 
nuclear quadrupole moment. Nuclei can be described using the quantum numbers E (energy), I 
(nuclear spin) and IZ (orientation of nuclear spin along z axis). A nuclear quadrupole moment is 
produced when nuclei have an asymmetrical charge distribution (I > ½), which interacts with the 
electric field gradient and results in splitting of the nuclear energy levels. The quadrupole splitting is 
seen on a spectrum as the distance between the two peaks. The isomer shift and quadrupole 
splitting can be used to distinguish between different oxidation and spin states. Typical values of 
isomer shift and quadrupole splitting for HS and LS iron (II) and iron (III) are summarised in Table 1.2.  
Further splitting occurs when a magnetic field is present at the Mössbauer nucleus. The Mössbauer 
nucleus may experience a magnetic field from a number of sources; internally (the spin, dipolar field 
or orbital moment of electrons near the nucleus), or an external applied magnetic field. In the 
presence of a magnetic field, Zeeman splitting of the ground and excited states occurs (section 
1.2.2). Zeeman splitting is observed as a sextet on the spectrum (Figure 1.6 [24]) due to the six 
allowed transitions (ml ± 0, 1). The line positions are related to the splitting of the energy levels, and 
the line intensities relate to the angle between the Mössbauer gamma ray and the nuclear spin 
moment.  
 
Figure 1.6 Typical Mössbauer spectra for a singlet, doublet and sextet, and the relevant orbital splitting and 
electronic transitions, where IS is the isomer shift and QS is quadrupole splitting [24]. 
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Table 1.2 Typical values of isomer shift and quadrupole split for HS and LS iron (II) and iron (III). 
Species Isomer shift (mm s-1) Quadrupole split  (mm s-1) References 
Iron (II) 
HS ≈ 1 2 - 3 
[25] 
LS ≤ 0.5 ≤ 1 
Iron (III) 
HS 0.25 – 0.37 ≤ 1.3 
[6] 
LS 0.05 – 0.20 1.9 - 3 
 
Floquet et al. used Mössbauer spectroscopy, SQUID and DSC measurements to show that 
[Fe(H5-Clthsa)(5-Clthsa)].H2O, (where H25-Clthsa is 5-chlorosalicylaldehyde thiosemicarbazone, 
Figure 1.7) exhibits abrupt SCO between 225 and 228 K. The Mössbauer spectrum was taken at 
various temperatures between 80 K and 300 K, see Figure 1.8 [26]. At 80 K the spectra is dominated 
by a LS iron (III) contribution; a doublet with an isomer shift of 0.262 mm s-1 and a quadrupole split 
of 2.516 mm s-1. There is also a small contribution from HS iron (III) (6%). At 300 K HS iron (III) is the 
only species present, observed by a doublet with an isomer shift of 0.600 mm s-1 and a quadrupole 
split of 0.393 mm s-1. The spectra between 80 K and 300 K show that as the temperature increases, 
there is an increasing proportion of HS species and a decreasing proportion of LS species.  
 
Figure 1.7 Structure of [Fe(H5-Clthsa)(5-Clthsa)]. 
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Figure 1.8 Mössbauer spectra of [Fe(H5-Clthsa)(5-Clthsa)].H2O between 80 K and 300 K [26]. 
1.2.4 Differential Scanning Calorimetry 
SCO is accompanied by significant changes in the enthalpy and entropy. The ligand field splitting (Δo) 
depends on the properties of the ligand, but also the metal-ligand coordination bond lengths (r), 
thus r is a consideration in the electronic energies of spin states. As discussed in section 1.2.1, the 
transfer of electrons between the eg and t2g orbitals results in shorter coordination bond lengths (ca. 
0.2 Å) due to electrons transferring from anti-bonding to non-bonding orbitals. A schematic for this 
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with iron (II) is shown in Figure 1.9 [27]. The horizontal and vertical distances between potential 
wells (ΔrHL and ΔE°HL) depend on r and the ligand field strength respectively. Potential wells 
represent the energy of each spin state, the energy barrier between which must be overcome in 
order for a SCO transition to occur. At lower temperatures the LS species is the most 
thermodynamically stable ground state with the lowest enthalpy. At higher temperatures, the HS 
species becomes more thermodynamically stable due to a large entropy gain. This gain in entropy 
during the transition from LS to HS overcomes the less favourable change in enthalpy, thus SCO is an 
entropy driven process [28]. These changes in entropy can be observed as peaks in a curve of the 
lattice heat capacity vs. temperature, occurring at the temperatures corresponding to the SCO 
transition. Calorimetry methods such as Differential Scanning Calorimetry (DSC) can therefore be 
used to observe SCO [29], and thermodynamic parameters can be calculated from the area under 
the peaks. Experimental findings suggest the change in enthalpy upon a SCO transition vary from 10 
to 20 kJ mol-1 [8] and 5 to 8 kJ mol-1 [17]. Changes in entropy upon a SCO transition vary from 50 to 
80 J mol-1 K-1 [8] or and 34 to 41 J mol-1 K-1 [17].  
 
Figure 1.9 Schematic potential wells for HS and LS iron (II) as a function of r (metal-ligand bond length) [27]. 
Floquet et al. analysed [Fe(Hthsa)(thsa)].H2O (where H2thsa is salicylaldehyde thiosemicarbazone, 
similar to that in Figure 1.7) using DSC, in combination with Mössbauer spectroscopy and magnetic 
measurements to observe an abrupt hysteretic SCO between 274 K and 282 K. Upon cooling an 
exothermic peak is observed at 273.4 K, and upon heating an endothermic peak is observed at 
283.2 K. The area under both peaks was equal, indicating a fully reversible transition. The change in 
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enthalpy and entropy accompanying the transition were determined as 10.5 kJ mol-1 and 
37.6 J mol-1 K-1 respectively [26]. 
1.2.5 Other techniques 
Other techniques used to measure SCO include Infra-red (IR), Raman, Electron Paramagnetic 
Resonance (EPR) and UV/Visible (UV/Vis) spectroscopies, and conductivity measurements. These 
techniques appear less frequently in the literature due to the less definitive nature of the 
quantitative or qualitative information gained. Also these techniques cannot be applied to all SCO 
materials. 
The changing metal - ligand coordination bond lengths upon SCO (as discussed in section 1.2.4 with 
Figure 1.9) can be observed using variable temperature IR and/or Raman spectroscopy. SCO from HS 
to LS consists of depletion of electrons in the antibonding eg orbitals whilst simultaneously increasing 
the charge on the non-bonded t2g orbitals, resulting in stronger metal-ligand bonds. Peaks for these 
metal - ligand bonds appear in the far-infrared region of the IR spectra, between 250 – 500 cm-1 [9], 
or in the Raman spectra. These peaks are more intense when the metal is in the LS state, and less 
intense for the HS state. Thus variable-temperature IR and Raman can be used to directly compare 
peak intensity upon SCO [9, 17]. Variable temperature IR spectroscopy can additionally provide 
other information about a SCO transition; Floquet et al. measured variable temperature IR 
spectroscopy on Li[Fe(5-Brthsa)2].H2O (where 5-Brthsa is 5-bromosalicylaldehyde 
thiosemicarbazone, Figure 1.4). SQUID and Mössbauer measurements indicate this material 
undergoes a SCO transition with a broad hysteresis (39 K) centred on 313 K. IR spectra were 
measured at 380 K and 150 K; above and below the SCO transition. At 150 K, the frequencies of the 
OH and NH2 peaks were shifted towards higher and lower frequencies respectively. This indicates 
hydrogen bonds involving the OH group are weakened, and hydrogen bonds involving the NH2 group 
are reinforced when the complex exists in the LS state, compared to the HS state [17]. Spectra were 
not measured down to 250 cm-1, thus the above observations of changes in the region 250 - 500 cm-1 
cannot be commented on.  
EPR measures the energy difference in the ms orbitals affected by Zeeman splitting (section 1.2.2). 
The energy gap, which corresponds to the microwave part of the electromagnetic spectrum, is 
directly proportional to g (equation 1.8).The area under the peak is proportional to the number of 
unpaired electrons. Therefore variable-temperature EPR measurements can show changing numbers 
of unpaired electrons, and thus SCO transitions. Timken et al. measured variable temperature EPR 
spectra of [Fe(Hthpu)(thpu)], (H2thpu is pyruvic acid thiosemicarbazone, Figure 1.10a) [30]. SQUID 
magnetism results (Figure 1.10b) show a hysteretic SCO transition between 225 K (Tc↓) and 235 K 
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(Tc↑). The absorption intensity of the LS iron (III) was measured using variable temperature EPR 
spectroscopy, shown in Figure 1.10c. The transition temperatures 232 K (Tc↓) and 244 K (Tc↑) 
correspond well to those observed from the SQUID data [30].  
 
Figure 1.10 a) Structure of [Fe(Hthpu)(thpu)], b) SQUID magnetic data and c) variable temperature EPR 
measurements, with relative intensity of the LS signal plotted [30].  
Thermochromism frequently accompanies SCO, thus simple observation of the compound colour, on 
cooling below room temperature can often be used as a preliminary test for SCO, providing the 
transition temperature is easily accessible. UV/Vis optical spectroscopy can therefore also be used to 
identify SCO, by looking at the peaks caused by d-d electronic transitions, and identifying shifts in 
peak position upon SCO. The pre-requisite of this method is therefore the peaks must be easily-
identifiable; if the relevant peaks are hidden or partially hidden by intense charge-transfer peaks, 
then the changes in the spectrum upon SCO are harder to distinguish. Charge transfer peaks arise 
from electronic transitions between orbitals predominantly metal in character and orbitals 
predominantly ligand in character (MLCT metal to ligand charge transfer or LMCT ligand to metal 
charge transfer).  
The energy of a d-d transition in the UV/Vis does not always directly correspond to the magnitude of 
Δo due to the presence of electron-electron repulsion. Microstates describe the different ways 
electrons can occupy the configuration orbitals, and have different energies due to electron-electron 
repulsion. Terms are spectroscopically-distinguishable groups of microstates with the same energy. 
The energy of individual terms responds differently to ligand field strength. Orgel diagrams display 
the correlation between weak (free atom terms) and strong (complex) field ligands. However these 
cannot be universally applied to UV/Vis spectra as they do not show Laporte-forbidden transitions. 
Tanabe-Sugano diagrams show the energy of electronic states as a function of ligand field strength, 
thus these can be used, in combination with the UV/Vis spectrum to calculate Δo. The Racah 
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Parameter B can also be quantified, which is a measure of the electronic repulsion between 
individual d electrons [1].  
Variable-temperature conductivity is another technique which has been used to monitor SCO, but 
only in a very few specific compounds, where conducting moieties have been introduced into a SCO 
compound. The synthesis of multifunctional materials such as these is highly desirable, and some 
researchers aim to combine SCO with conductivity. Due to the highly sensitive nature of both SCO 
and electronic conductivity towards small changes in the crystal structure, there are few materials 
which have been reported to exhibit both [15, 31-36]. Nihei et al. synthesised 
[Fe(dppTTF)2][Ni(mnt)2]2(BF4).PhCN (where dppTTF is 1-{2-(1,3-dithiol-2ylinene)-1,3-dithiolyl}-2-{2,6-
bis(1-pyrazolyl)pyridyl}-ethylene and mnt is maleonitriledithiolate, Figure 1.11). Magnetic data 
indicated a gradual SCO between 170 K and 300 K. Variable-temperature conductivity 
measurements showed semiconductor behaviour, with an anomaly observed between 170 K and 
280 K, which corresponds well to the SCO observed from magnetic data. The magnetic and 
conductivity data are shown in Figure 1.11 [34]. The activation energy was calculated as 129 meV 
and 119 meV below and above the anomaly respectively, indicating relatively large structural 
modification upon SCO [34].  
 
Figure 1.11 Structure of [Fe(dppTTF)2]
2+
 and [Ni(mnt)2]
-
 (left) with variable temperature conductivity and 
SQUID magnetisation measurements showing SCO (right) [34].  
1.3 Molecular Conductors  
Whether or not a material exhibits SCO depends on a large number of factors, one of which is the 
counterion for ionic SCO complexes. For example, changing the counterion in a complex of 
[Fe(dppL4)2]
2+ (where dppL4 is 2,6-Bis(pyrazolyl)pyridine, Figure 1.5) from BF4
- to PF6
- results in vastly 
different behaviour; [Fe(dppL4)2](BF4)2 exhibits abrupt SCO centred around 259 K, whereas 
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[Fe(dppL4)2](PF6)2 remains in the HS state between 10 – 300 K [37]. As explained above (section 
1.2.5) molecular conductors are increasingly being used as counterions to SCO materials as the 
synergy between these functions is anticipated to lead to novel behaviours with many potential 
applications, described in section 1.5 [38, 39]. There is also the added benefit the resultant salt may 
be an electrical conductor in addition to exhibiting SCO, which is currently an aim amongst molecular 
materials research. However exchanging the counterion can be detrimental to both SCO and 
conductivity since the bulk properties of both are contingent on intermolecular interactions.  
Achieving conducting SCO multifunctional materials has been approached by the synthesis of salts 
which combine ionic SCO complexes and ionic molecular conductors. Published examples consist of 
[SCO complex]+[Conducting Unit]- [15, 31-36], such as [Fe(dppTTF)2][Ni(mnt)2]2(BF4).PhCN (section 
1.2.5) with a room temperature conductivity of 2.6x10-3 S cm-1 [34], and 
[Fe(qsal)2][Ni(dmit)2]3.CH3CN.H2O (qsalH is N-(8-quinolyl)-salicylaldimine and dmit is 2-thioxo-1,3-
dithiole-4,5-dithiolato), with a room temperature conductivity of 2.0 S cm-1 [35]. No examples of 
salts of the type [Conducting Unit]+[SCO complex]- have been found.  
1.3.1 Band Theory  
Band theory is used to describe why a material conducts charge. The theory is based on the 
overlapping of molecular orbitals of molecules to give the valence (HOMO) and conductance (LUMO) 
bands. Metallic conductors (typical conductivity 10-1 to 105 Ω-1 cm-1 [40]) either have a partially filled 
valence band, or an overlap between occupied valence and empty conduction bands, whereas 
insulators (typical conductivity < 10-12 Ω-1 cm-1 [40]) have a filled valence band and a large gap 
between the bands. Semiconductors (typical conductivity 10-5 to 102 Ω-1 cm-1 [40]) have a filled 
valence band, but the gap between bands is sufficiently small that thermal energy can excite 
electrons between the bands. Therefore the conductivity of a semiconductor increases with 
temperature, as greater numbers of electrons are mobilised. The band gap of a semiconductor can 
be calculated from variable temperature conductivity measurements, using the Arrhenius-type 
equation shown in equation 1.9, where σT is the conductivity at temperature T,  σ0 is a material 
specific constant, ΔE is the activation energy (defined as half the band gap), kB is the Boltzmann 
constant and T is temperature. Equation 1.9 can be linearised to give equation 1.10. Thus by plotting 
the natural log of conductivity versus the inverse of the temperature, the band gap can be calculated 
from the gradient using equation 1.11. Naturally the inverse can be taken thus resistance or 
resistivity values can be used instead of conductance or conductivity, and the gradient of the curve 
remains unchanged.  
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1.3.2 Examples of Molecular Conductors  
Molecular conductors have become of increasing interest due to their potential to exhibit 
conductivities from semiconductors to superconductors. Molecular conductors mostly consist of 
segregated stacks of ionic conducting components and counterions. A range of compounds, the 
anions and cations of which can act as conducting components in salts, are shown in Figure 1.12. 
Species which can be oxidised to form molecular conductors include TTF (tetrathiafulvalene), 
BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene) and TMTSF (tetramethyltetraselenafulvalene). 
Anionic species which have the potential to be molecular conductors include TCNQ- (where TCNQ is 
7,7,8,8-tetracyanoquinodimethane), [M(mnt)2]
- (where M is typically Ni, Pd or Pt and mnt is 
maleonitriledithiolate) and [M(dmit)2]
- (where dmit is 2-thioxo-1,3-dithiole-4,5-dithiolato).  
 
Figure 1.12 a) TTF, b) BEDT-TTF, c) TMTSF, d) TCNQ, e) [Ni(mnt)2]
-
 and f) [Ni(dmit)2]
-
. 
TTF+ and its derivatives are of great interest as molecular building blocks due to their high electrical 
conductivity, exemplified by the metallic behaviour exhibited in the salt TTF.TCNQ [41]. TTF has 
three stable oxidation states, and besides being small and planar with a propensity to form stacks, 
TTF is electroactive and can be easily and reversibly oxidised in a two-step oxidation process, 
chemically or electrochemically, making it an ideal candidate to support switchable processes [42]. 
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The simple method for the chemical oxidation of TTF to tetrathiafulvalene tetrafluoroborate 
TTF3(BF4)2 was described by Wudl in 1975 [43]. The distribution of charges in TTF3(BF4)2 has been 
determined from SC-XRD, with formula TTF+2TTF
0(BF4)2
-. Two TTF species are in the oxidised form 
(TTF+), whilst one TTF remains neutral [44]. Figure 1.13a shows the crystal structure of TTF3(BF4)2, 
The sulfur…sulfur short contacts (defined in section 1.2.1), which make up the conducting pathways, 
shown as blue dashed lines, are disrupted by the neutral TTF species, therefore the conductivity of 
TTF3(BF4)2 itself is low. However, despite the low conductivity, TTF3(BF4)2 is a useful starting material 
to produce other TTF salts.  
Many derivatives of TTF have been synthesised, including BEDT-TTF and TMTSF (Figure 1.12b and c). 
The structures of oxidised BEDT-TTF and TMTSF support two-dimensional (2D) conducting pathways, 
as opposed to one-dimensional (1D) pathways in oxidised forms of TTF. This is shown in (Figure 
1.13b [45]), where sulfur...sulfur intermolecular contacts in BEDT-TTF+ exist in both the 
crystallographic a and c axes, allowing for the formation of bands (section 1.3.1) and the conduction 
of electrons.  
 
Figure 1.13 Crystal structure of a) TTF3(BF4)2 [44] and b) (BEDT-TTF)2(BF4).1,2-dibromoethane [45]. Short S-S 
contacts shown by blue dashed lines. Counterions and solvent molecules have been removed for clarity. 
TCNQ readily forms charge transfer salts, such as TTF.TCNQ [41] which exhibit a range of interesting 
electrical and magnetic properties due to the π-stacking in columns of TCNQ anions. TCNQ can be 
readily chemically reduced to form salts with many simpler counterions such as lithium [46], making 
it a highly flexible building block in the synthesis of molecular conductors and multifunctional 
materials. However TCNQ- is susceptible to disproportionation in solution [47]. Metal 
bis-1,2-dithiolene complexes such as [Ni(mnt)2]
- and [Ni(dmit)2]
-  are increasingly being used as 
building blocks in salts since the discovery that these materials have the potential to exhibit 
superconductivity and ferromagnetism [48].  They possess a planar structure, so have the propensity 
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to form stacks, ideal for conduction. However, the synthesis of mnt and dmit salts is more complex, 
involving the use of hazardous chemicals [49-51].  
Molecular conductors with conducting components having non-integer charges generally achieve 
higher charge transport [36, 52], due to the formation of partially filled bands (section 1.3.1). TTF 
[34], BEDT-TTF [53], TMTSF [54], TCNQ [55] and [Ni(dmit)2] [49] are known to carry non-integer 
charges, thus salts can form in a wide range of stoichiometries. For the materials where conductivity 
originates from the cationic TTF-like components, the intramolecular bond lengths vary depending 
on the charge on the cation, therefore it has been observed that oxidised species have longer central 
C=C bonds than neutral species [34]. More specifically, for BEDT-TTF salts, Guionneau et al. 
developed an equation to estimate the charge on BEDT-TTF which looks at several bond lengths (not 
just the central C=C bond length) [53]. A similar method has been developed for calculating the 
charge distribution in TCNQ salts, which is discussed in section 1.3.3. Valade et al. compared the 
bond lengths in various [Ni(dmit)2]
n- salts, where n = 0, 0.29, 1 and 2. However no precise correlation 
between structure and oxidation state was determined [49]. No examples have been found which 
show [Ni(mnt)2] with a non-integer charge, however salts have been synthesised which contain a 
mixture of [Ni(mnt)2]
-
 and [Ni(mnt)2]
2- anions [56].  
1.3.3 Kistenmacher equation for Determining the Charge on Anionic TCNQ Molecules 
The Kistenmacher equation uses various bond lengths (see Figure 1.14) to calculate the charge on a 
TCNQ molecule. When there are non-equivalent radicals present in a structure, equation 1.12 can be 
used to calculate the charge distribution across a TCNQ stack [47]. The parameter δ indicates the 
charge, and b, c and d are the bond lengths.  
 
Figure 1.14 Bond lengths in TCNQ used for Kistenmacher equation. 
 
        (
 
 
  )        1.12  
 
IR spectroscopy can also be used to qualitatively evaluate the charge across TCNQ units. The 
absorption for νC-N (typically around 2200 cm
-1) appears at a higher wavenumber for neutral TCNQ 
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than oxidised TCNQ, thus these can be compared to TCNQ salts with unknown charge distribution 
[47].  
1.4 Molecular Magnets with Long-Range Order 
Diamagnetism and paramagnetism have been discussed in section 1.2.2. Here three other types of 
magnetism are discussed; ferromagnetism, antiferromagnetism and ferrimagnetism. These arise 
from the interactions between unpaired electrons and the external magnetic field, in addition to 
strong interactions between neighbouring magnetic dipoles resulting in long-range order throughout 
the material. In ferromagnetic materials, magnetic moments orientate to align with the external 
magnetic field, and the strong interactions between magnetic moments further encourages this 
alignment, thus the magnitude of χM is greater for ferromagnets compared to paramagnets. 
However, above the critical Curie temperature (TC), thermal randomisation of the dipoles dominates 
and the material acts as a paramagnet, often with a positive Weiss constant. In antiferromagnetic 
materials, magnetic moments of equal magnitude orientate to align antiparallel, which if perfectly 
attained results in a zero magnetisation. Above the critical Néel temperature (TN) thermal 
randomisation dominates and the material acts as a paramagnet, often with a negative Weiss 
constant. Below TN thermal randomisation still has a small effect, resulting in non-zero 
magnetisation. In ferrimagnetic materials, magnetic moments orientate to align antiparallel, 
however neighbouring magnetic moments have different magnitudes, resulting in non-zero 
magnetisation. Again, above TC the material acts as a Curie-Weiss paramagnet, which is expected to 
have a negative Weiss constant to reflect short-range antiferromagnetic coupling.  
Different types of long range magnetic order can be distinguished by their response to an applied 
magnetic field at different temperatures. χM, 1/χM and χMT are typically plotted against temperature 
to determine the type of magnetism exhibited, see Figure 1.15a, b and c respectively. The plot of χM 
(Figure 1.15a) shows that for paramagnets and ferromagnets, as temperature decreases, the 
magnetic susceptibility increases due the decrease in thermal randomisation of the dipoles. 
Antiferromagnets follow the same trend, however as the temperature drops below the critical Néel 
temperature (TN) magnetic susceptibility decreases due to antiparallel alignment of dipoles. The plot 
of 1/χM (Figure 1.15b) shows that for a perfect paramagnet a straight line through the origin is 
observed, where the reciprocal of the gradient is the Curie constant (equation 1.3). However 
ferromagnets and antiferromagnets deviate from this straight line below their critical temperatures 
(TC and TN respectively). When a line of best fit is plotted (dotted lines in Figure 1.15b), the high 
temperature paramagnetic region of the curve is fitted. These lines cross the y axes at positive or 
negative temperatures, corresponding to ferromagnets or antiferromagnets respectively. The plots 
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of χMT (Figure 1.15c) are more definitive in determining the type of magnetism. For a perfect 
paramagnet, χMT is independent of temperature. Ferromagnets, antiferromagnets and ferrimagnets 
also exhibit paramagnetism at high temperatures. However as the temperature is decreased, the 
magnetic susceptibility increases for ferromagnets, due to the parallel alignment of dipoles, 
decreases for antiferromagnets, due to the antiparallel alignment of dipoles, and decreases followed 
by an increase for ferrimagnets, due to antiparallel alignment of dipoles reducing the magnetic 
susceptibility, but as temperature decreases further the antiparallel alignment of dipoles with 
different magnitudes results overall in a large magnetic susceptibility.  
 
Figure 1.15 Ideal curves for para- ferro- antiferro- and ferrimagnets in plots of (a) molar magnetic 
susceptibility (χM), (b) inverse molar magnetic susceptibility (1/χM), (c) temperature dependent molar 
magnetic susceptibility (χMT). (d) Shows a typical hysteresis curve when magnetisation is plotted as a 
function of external magnetic field. 
The formation of domains (equivalent areas of dipole alignment) in ferro- and ferri-magnets leads to 
the potential for memory retention of the external field after it has been removed. This effect, or 
hysteresis can be experimentally determined by cycling the external field and plotting the induced 
magnetisation. In hard magnets, the internal exchange force is strong enough to overcome the 
thermal randomisation effect, thus memory of the external field is retained and a hysteresis is 
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exhibited, shown in Figure 1.15d. A soft magnet retains no memory since the sample under study is 
able to respond to the external field with no off-set delay, thus no hysteresis is exhibited.   
The synthesis of multifunctional materials which exhibit long-range magnetic order in addition to 
other functionalities such as SCO or electrical conductivity is another current focus in molecular 
materials research. For example, bimetallic oxalate-bridged complexes [Cation][MIIMIII(ox)3] where 
MIII is Cr, Fe, Ru, V, Mn, MII is Mn, Fe, Co, Ni, Cu, Zn and ox is oxalate provide the basis of a series of 
multifunctional magnets [57]. The anions form a two-dimensional layered structure with cooperative 
magnetic effects, and a cation can be inserted between the layers to exhibit additional 
functionalities. The insertion of cationic iron (III) complexes with bis(salicylaldehyde) 
thiosemicarbazone (sal2-trien, Figure 1.16) ligands into such networks has led to the discovery of 
materials exhibiting both SCO and ferromagnetism. Examples include 
[FeIII(sal2-trien)][Mn
IICrIII(ox)3].CH2Cl2 which exhibits SCO above 130 K and ferromagnetism below 5 K 
[58] and [FeIII(4-Brsal2-trien)][Mn
IICrIII(ox)3]0.67Cl0.33.MeOH, which exhibits SCO between 400 K and 
270 K, and ferromagnetism below 5.2 K [59].  
 
Figure 1.16 Structure of [Fe(sal2-trien)]
+
 and [Fe(4-Brsal2-trien)]
+
. 
Inserting cationic molecular conductors into bimetallic oxalate-bridged complexes can also result in 
materials exhibiting both long-range magnetic order and electrical conductivity. Coronado et al. 
synthesised [BEDT-TTF]3[MnCr(C2O4)3], which exhibits ferromagnetism below 5.5 K and temperature-
dependent resistance measurements indicate metallic conductivity [57].  
1.5 Potential Applications of Spin Crossover Materials 
The sensitivity of molecular materials to the external environment in combination with measureable 
effects to the bulk properties provides a wide field of potential applications, including data storage 
devices, electrical switches, display devices and sensors. Constant demand for miniaturisation of 
current technology means molecular materials are of increasing interest.  
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The ability for hysteretic SCO materials to exist in two stable states at a given temperature 
(bistability) provides potential applications in memory storage devices. Currently data is stored in 
binary format using optical disks or magnetic storage [60]. Ideal candidates for memory storage 
devices are materials with an easily-triggered abrupt SCO which exhibits a wide hysteresis loop 
centred on room temperature. Multifunctional materials which exhibit electrical conductivity in 
addition to SCO have the supplementary benefit that the spin state can be read by measuring the 
conductivity, which is a simple measurement. Tristable (three stable states at a given temperature) 
and multiply bistable (bistability at some temperatures) materials are emerging, which could be 
candidates for mulitswitches and ternary data storage devices [22]. One recent example (previously 
mentioned in section 1.2.2) is [Fe(dppL4)2][Ni(mnt)2].MeNO2 (where dppL4 is 
2,6-Bis(pyrazolyl)pyridine and mnt is maleonitriledithiolate) which is regarded as tristable and 
multiply bistable, shown in Figure 1.5 [22].  
Materials exhibiting SCO act as molecular switches, where the interconversion between two stable 
states differentiates between the ‘on’ and ‘off’ positions. An abrupt SCO is required in response to 
the input, such as temperature, pressure or light irradiation. Therefore SCO materials can act as NOT 
operators in logic operations, where one input produces one output. If the material is also an 
electrical conductor, the SCO transition can be measured by passing a current through the material 
and measuring the resistance. This would be highly useful as electrical conductivity is an easy 
property to measure.  
SCO materials can also be used in simple two colour displays if a number of criteria are fulfilled; the 
material must be chemically stable and not be subject to fatigue, SCO transitions must be abrupt, 
exhibiting a wide hysteresis loop ideally around room temperature, and the HS and LS states must 
be easily detectable by a change in colour. This is not easily accomplished as intermolecular 
interactions such as multiple π-π stacking is commonly a requirement for hysteresis, but this also 
often leads to charge-transfer transitions which can mask any visible colour change upon transition 
[60]. 
Temperature or pressure sensors are further applications of SCO materials. SCO behaviour exhibited 
by a change in pressure has applications as pressure sensors, and thermally induced SCO materials 
can be used as temperature sensors [25]. Ideally materials would exhibit a visibly pronounced colour 
change upon SCO to save the need for an optical or other detector. A sensor which could detect 
both temperature and pressure would be highly advantageous, materials which have a well-defined 
phase diagrams can be used to detect temperature changes at a constant pressure, as well as 
pressure changes at a constant temperature [61].  
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1.6 Aim and Scope of Thesis 
The primary aim is to synthesise novel materials which have the potential to undergo a SCO 
transition. The focus is on octahedral complexes of iron (II) and iron (III), which are either cationic or 
anionic. The thesis falls into three main themes, the use of cationic iron complexes, anionic iron 
complexes, and the combination of cationic and anionic iron complexes to form SCO double salts. 
The first theme is split into two; cationic iron (II) complexes of 
2,6-bis(N-pyrazolyl)pyridines/pyrazines and cationic iron (III) complexes of salicylaldehyde 
triethylenetetramines. The second theme is based on anionic iron (III) complexes of salicylaldehyde 
thiosemicarbazones. Molecular conductors have the potential to exhibit interesting properties when 
combined with potential SCO complexes. In the first theme, the aim is to combine anionic materials 
which have been reported to exhibit molecular conductivity with the cationic iron complexes to 
produce salts in the form [Potential SCO Complex]+[Potential Molecular Conductor]-. In the second 
theme, the aim is to combine anionic iron complexes with cationic materials which have been 
reported to exhibit molecular conductivity in the form [Potential Molecular Conductor]+[Potential 
SCO Complex]-. This latter combination of SCO complex and molecular conductor is unprecedented 
in this field. Characterisation of materials will identify any interesting properties and observe any 
synergy between the two functionalities. The final theme aims to combine cationic iron (II) 
complexes with anionic iron (III) complexes to form SCO double salts, currently a highly under-
developed area of research. Overall a wide variety of the following techniques will be used to 
characterise spin state behaviour and investigate any other properties exhibited (as discussed in 
section 1.2); crystallography, SQUID magnetometry, conductivity measurements, differential 
scanning calorimetry and Mössbauer spectroscopy.  
In this chapter an introduction to the SCO phenomenon and a number of the techniques and theory 
which is applicable to the following chapters has been given.  
In chapter 2 the instrumentation used to analyse the materials in this thesis are briefly described, 
separated into those which are done in house, and those which are external to the University of 
Surrey. The synthesis procedures are also described for all materials obtained.   
In chapter 3 cationic iron (II) complexes of bis(pyrazole)pyridines and pyrazines (dpp) are 
investigated. The aim is to synthesise tetrafluoroborate salts of iron (II) complexes with four ligands 
based on dpp. These are then combined with anionic materials which have frequently been reported 
to exhibit conductivity, including TCNQ (7,7,8,8-tetracyanoquinodimethane), and nickel (II) 
complexes of mnt and dmit (mnt is maleonitriledithiolate dmit is 
2-thioxo-1,3-dithiole-4,5-dithiolato).  
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In chapter 4 cationic iron (III) complexes of substituted salicylaldehyde triethylenetetramines 
(sal2-trien) are investigated. The aim is to synthesise nitrate salts of iron (III) complexes of 
substituted sal2-trien ligands, and combine these with the potential anionic molecular conductors 
mentioned above; TCNQ and nickel (II) complexes of mnt and dmit.  
In chapter 5 anionic iron (III) complexes of substituted salicylaldehyde thiosemicarbazones (thsa) are 
investigated. There are currently far fewer published examples of anionic SCO materials. The aim is 
to synthesise anionic complexes with various derivatives of thsa ligands, with a range of cations. 
These will be used in both chemical and electrochemical reactions to synthesise potential conducting 
salts. Potential cationic molecular conductors include TTF (tetrathiafulvalene), BEDT-TTF 
(bis(ethylenedithio)tetrathiafulvalene) and TMTSF (tetramethyltetraselenafulvalene).  
In chapter 6 SCO double salts made up of cationic iron (II) dpp complexes and anionic iron (III) thsa 
complexes are investigated. The aim is to synthesise four SCO double salts and analyse their SCO 
behaviour, for comparisons to the SCO behaviour of the individual components. The expectation is 
that these compounds will exhibit multi-step SCO transitions, each independent transition 
origination from the different iron complexes.  
Chapter 7 will contain concluding remarks and the outlook for this research.   
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2.1 Overview 
A summary of the materials synthesised and the analyses undertaken can be seen in Figure 2.1, with references to the section number.  
 
Figure 2.1 Overview of materials synthesised and analyses undertaken.
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2.2 Laboratory Techniques  
2.2.1 Elemental analysis (CHN)  
CHN was carried out in-house by Ms Judy Peters (University of Surrey) using an Exeter Analytical 
CE440 Elemental Analyser. The mass percentage of carbon, hydrogen and nitrogen in a sample is 
determined by combusting the sample in pure oxygen to produce carbon dioxide, water and 
nitrogen. The gaseous mixture then passes through a series of traps to separate the water (hydrogen 
content), carbon dioxide (carbon content) and nitrogen (nitrogen content) [62]. 
2.2.2 Infra-red (IR) Spectroscopy 
IR spectra were acquired using an Agilent Technologies Cary 600 series FTIR (Fourier Transform Infra-
red) Spectrometer with an Attenuated Total Reflectance (ATR) attachment. IR spectroscopy is based 
on passing radiation (4000 – 400 cm-1) through a sample and measuring the percentage of radiation 
absorbed at each wavelength. Absorption of radiation at specific wavelengths corresponds to 
vibrations between atoms which are present within the sample [63].  
2.2.3 Nuclear Magnetic Resonance (NMR) Spectroscopy  
NMR spectra were obtained using a Bruker AC300 spectrometer operating at 300 MHz, with samples 
prepared in CDCl3, d6-DMSO or CD3CN and run at 298 K using tetramethylsilane (TMS) as an internal 
standard.  NMR requires nuclei with a magnetic moment (odd number of protons or neutrons), 
which in the presence of a magnetic field will absorb and re-emit radiowave radiation. The radiation 
frequency is kept constant whilst the applied magnetic field is varied. Peaks occur at different 
positions (chemical shifts) due to the different chemical environments of the atoms studied. All 
peaks on NMR spectra have a chemical shift value (δ) relative to the internal standard. In the case of 
1H NMR, TMS is commonly used as the hydrogens are all equivalent and highly shielded from the 
external magnetic field, hence producing a singlet peak in a position that is unlikely to interfere with 
peaks from the sample. The position and splitting of the remaining peaks are interpreted to 
determine the structure of the sample [64].  
2.2.4 UV/Visible (UV/Vis) Spectroscopy 
UV/Vis spectra were measured using a Biochrom Libra 560 spectrometer. Light in the wavelength 
range of 200 - 800 nm is typically used with samples dissolved in various solvents. The intensity of 
the light detected at each wavelength is compared to the intensity of the light before it passes 
through the sample to form a spectrum of wavelength versus sample absorbance. The Beer-Lambert 
law, equation 2.1 (where A is absorbance, c is concentration and l is the path length of the sample) 
can be used to calculate the extinction coefficient (ε), the magnitude of which provides insight into 
the types of transition occurring [63]. For example, in this work, transitions have low values of ε 
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compared to charge transfer transitions. Tanabe-Sugano diagrams can be used in combination with 
the UV/Vis spectrum to determine the magnitude of Δo [1, 65]. 
 
      2.1  
2.2.5 Thermogravimetric analysis (TGA)  
TGA was performed by Ms Violeta Doukova (University of Surrey), using a TGA Q500 V6.7 Build 203 
(Universal V4.7A TA Instruments). The samples were heated from 25°C to 700°C by ramping at 
10°C/min under a nitrogen atmosphere. TA Universal Analysis software was used to analyse results. 
TGA monitors the weight of a sample whilst it is exposed to a controlled heating programme [40, 
66]. This provides information on the thermal stability of the material, and can allow for 
quantification of loss of solvents, for example water of crystallisation in the sample. TGA is useful 
when designing DSC experiments (section 2.2.6).  
2.2.6 Differential Scanning Calorimetry (DSC)  
DSC was measured using a DSC Q1000 V9.9 Build 303 (Universal V4.7A TA Instruments) with the 
sample (2 - 5 mg) loaded into an aluminium hermetic pan. The reference was an empty aluminium 
hermetic pan. Test methods were custom-designed dependent on the thermal stability of the 
sample being analysed, but most commonly a cool/heat cycle was used, with temperature ramped 
at 10°C/min. TA Universal Analysis software was used to analyse results. DSC monitors the heat 
capacity of a material as a function of temperature, by comparing the heat energy input required to 
change the temperature of the sample and the reference. The resultant plot of temperature vs. heat 
flow highlight transitions occurring within a material, appearing as endothermic or exothermic 
peaks. The enthalpy of transitions can be calculated by finding the area under each peak by 
integration [40, 66].  
2.2.7 Powder X-Ray Diffraction (P-XRD) 
P-XRD was measured using PANalytical X’Pert Pro diffractometer with a copper X-ray source and an 
X’celerator detector, and High Score Plus software. X-rays are generated when a beam of 
accelerated electrons from a heated tungsten filament strike the copper target. The generated 
X-rays are passed through a monochromator, and are directed towards the ground powder sample, 
which rotates to measure as many planes as possible. Ground microcrystalline powders contain 
randomly ordered crystallites, some of which happen to satisfy Bragg’s law (equation 2.2); where the 
wavelength (λ) of the monochromatic X-ray beam must be in the same order of magnitude as the 
distance between diffracting planes (d) in the crystal, where n is a positive integer and θ is the angle 
at which radiation hits the sample. The angle between incident and diffracted beams is 2θ. The angle 
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and intensity of diffracted beams are detected, and plotted as intensity vs. 2θ.  Powder patterns are 
used as a fingerprint for identification of the crystalline phase present in a material, but do not 
provide direct information on the elements present [40, 66, 67].  
 
          2.2  
2.2.8 Variable Temperature Resistance  
Variable Temperature Resistance  was measured using equipment constructed within the University 
of Surrey, consisting of an Oxford Instruments Cryostat, temperature controller, and gas flow pump, 
Keithley 2001 multimeter, DCU Pfeiffer vacuum, and LabView software. A schematic for this can be 
seen in Figure 2.2. The sample analysed is either in the form of a single crystal or compressed pellet, 
to which electrodes (gold wire, diameter 0.025 mm) are attached with conducting carbon paste. The 
electrodes are then connected to an 8 contact sample chip, which is placed in the sample holder of 
the cryostat.  A multimeter is used to measure resistance over a temperature range of 298 K to 80 K 
using liquid nitrogen as the cryogen. Constant current is passed through the sample and the voltage 
drop is measured, from this the resistance at each temperature is calculated. The resistivity or 
conductivity can be calculated from the outputted resistance data and measuring the dimensions of 
the crystal/pellet and inter-electrode distances.  
 
Figure 2.2 Schematic of equipment used to measure 2 probe resistance. 
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2.3 External Laboratory Techniques  
2.3.1 Single Crystal X-Ray Diffraction (SC-XRD)  
SC-XRD data was primarily obtained from the UK National Crystallography Service at the University 
of Southampton. Measurements were made with the following; diffractometer: Rigaku AFC12 
goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted at the 
window of an FR-E+ SuperBright molybdenum rotating anode generator with HF Varimax optics 
(100 µm focus). Cell determination and data collection: CrystalClear-SM Expert 3.1 b27 (Rigaku, 
2013). Data reduction, cell refinement and absorption correction: CrysAlisPro, Agilent 
Technologies,Version 1.171.37.35. Other samples were measured by Dr Lee Martin at Nottingham 
Trent University, UK or Dr Hiroki Akutsu at Osaka University, Japan.  
The diffraction of monochromatic X-rays by a single crystal forms the basis for SC-XRD [40, 66-68]. 
This technique is similar to P-XRD (section 2.2.7), however due to the highly ordered nature of single 
crystals, compared to directionally-averaged powders, more information can be obtained. The single 
crystal is loaded on to a goniometer which allows rotation around every axis for structural 
characterisation. The diffraction of X-rays upon passing through the crystal results in constructive 
and destructive interference patterns, the angles and intensity of which are detected. In order for 
constructive interference to occur Braggs law (equation 2.2) must be satisfied. The angles and 
intensity of diffracted beams are used to produce a diffraction pattern or electron density map. The 
scattering intensity of X-rays depends on the density of electrons around a nucleus, thus the nature 
of the atoms present can be deduced. The positions and absence of some reflections of the 
diffracted light can provide information on the unit cell dimensions and lattice type. Therefore once 
all scattering information has been inputted to the software, an atomic structure can be derived 
with unit cell, space group, atom locations, bond lengths and bond angles. An R factor is calculated 
to parametise the degree to which the calculated structure fits the experimental data. The lower the 
R factor the better the agreement between the crystallographic model and the experimental data, 
with an R factor of around 3% is considered excellent.  
2.3.2 SQUID Magnetrometry  
Magnetic data was measured by Dr Hiroki Akutsu at Osaka University Japan, with a Quantum Design 
MPMS2 magnetometer with a maximum external field of 1 T. Samples were placed in aluminium foil 
and contained in a plastic straw, for measurements above 350 K samples were attached to a glass 
rod. An external magnetic field of 1000 G was applied for all temperature vs. magnetisation 
measurements. In an external magnetic field, the sample is moved up and down within loops of 
superconducting wires which detect the samples magnetic moment, creating an alternating 
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magnetic flux, leading to alternating output current. A pick-up coil transfers the magnetic flux to the 
SQUID detector, which consists of superconducting wires containing one or two Josephson junctions. 
The SQUID detects the magnetic flux from the pick-up coil, which is converted and amplified into an 
electrical response (voltage). This output voltage is proportional to the magnetic moment of the 
sample [20]. All experimental magnetic data reported has been corrected for diamagnetic 
contribution using Pascal’s constants [19]. 
2.3.3 Mössbauer Spectroscopy 
Mössbauer spectroscopy was measured by Prof. David Evans and Dr Sachin Shah at the University of 
Hull, with an ES-Technology MS-105 Mössbauer spectrometer with a 100 MBq 57Co source in a 
rhodium matrix at ambient temperature. Samples were ground with boron nitride before mounting 
and measured at various temperatures in zero magnetic field. Spectra were referenced against a 
25 μm iron foil at 298 K, and fitted with Lorentzian curves. Mössbauer spectroscopy looks at the 
hyperfine interactions between the Mössbauer nuclei and its surrounding electrons. The 57Co 
radioisotope source decays to produce 57Fe in an excited state and emits low energy gamma rays. 
Relaxation of the Mössbauer nucleus to the ground state after the recoil-free absorption of the 
emitted gamma rays results in an emission spectrum, from which the chemical nature of the iron can 
be derived [23, 24].  
2.4 Experimental Procedures 
All chemicals were purchased and used as received from Sigma-Aldrich unless otherwise stated. 
Bu4N[Ni(mnt)2] and Bu4N[Ni(dmit)2] were purchased from Tokyo Chemicals Industry.  
2.4.1 Chemical Synthesis of Ionic Molecular Conductors 
2.4.1.1 Tetrathiafulvalene Tetrafluoroborate (TTF3(BF4)2) 
TTF3(BF4)2 was prepared as previously described [69]. Hydrogen peroxide solution (30%, 0.026 g, 
4.60x10-4 mol) was added to ice-cold tetrafluoroboric acid (50%, 0.08 g, 4.60x10-4 mol). This mixture 
was added to a solution of TTF (0.141 g, 6.90x10-4 mol) in acetonitrile (40 ml). After storage at 4°C 
overnight, the solid product was isolated by vacuum filtration, washed with acetonitrile, and dried 
under vacuum. Yield: 60.8% (0.11 g, 1.40x10-4 mol). Elemental analysis (%) calculated for 
C18H12S12B2F8: C 27.49, H 1.53, N 0.00, experimental C 27.67, H 1.40, N 0.00. IR (cm
-1) 3075, 1506, 
1470, 1341, 1249, 1117, 1025, 823, 742, 698, 667.  
2.4.1.2 Lithium 7,7,8,8-Tetracyanoquinodimethane (Li.TCNQ) 
Li.TCNQ was prepared as previously reported [46]. A boiling solution of lithium iodide (3.93 g, 
0.0294 mol) in acetonitrile (10 ml) was added to a boiling solution of TCNQ (2.00 g, 9.79x10-3 mol) in 
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acetonitrile (200 ml). After standing for four hours, the mixture was vacuum filtered and the solid 
washed with acetonitrile until washings were bright green. The purple solid was dried under 
vacuum. Yield: 99.2% (2.05 g, 9.71x10-3 mol). Elemental analysis (%) calculated for C12H4N4Li: C 68.27, 
H 1.89, N 26.55, experimental C 68.01, H 1.36, N 27.63. IR (cm-1) 2201, 2173, 1572, 1505, 1327, 1175, 
824.  
2.4.1.3 Tetrabutylammonium 7,7,8,8-Tetracyanoquinodimethane (Bu4N.TCNQ) 
Bu4N.TCNQ is synthesised by metathesis from Li.TCNQ and tetrabutylammonium hydroxide 
(Bu4N.OH) [46]. An aqueous solution (15 ml) of Bu4N.OH (0.92 g, 1.42x10
-3 mol) was added to an 
aqueous solution (20 ml) of Li.TCNQ (0.10 g, 4.74x10-4 mol) and stirred to form a dark blue cloudy 
solution. After two hours the mixture was vacuum filtered, the solid product washed with water and 
dried in a desiccator under vacuum. Yield: 94.5% (0.20 g, 4.48x10-4 mol). Elemental analysis (%) 
calculated for C16H36N.C12H4N4: C 75.34, H 8.96, N 15.69, experimental C 75.22, H 9.13, N 15.99. IR 
(cm-1) (due to TCNQ- unless otherwise stated in parentheses) 2960 (Bu4N), 2872 (Bu4N), 2176, 1738 
(Bu4N), 1589, 1505, 1468 (Bu4N), 1358, 1180, 822.   
2.4.1.4 Galvanostatic Electrocrystallisation  
Galvanostatic Electrocrystallisation is a technique used to synthesise salts by in situ electro-oxidation 
or reduction of one starting material. In this case, neutral molecules with the potential to form ionic 
molecular conductors were oxidised or reduced in the presence of a solution containing potential 
SCO metal complexes. Due to the slow controlled nature of this reaction (solvent, temperature, 
concentration and current), crystals of conducting samples are commonly formed. The general 
procedure is shown in Figure 2.3, and involves an H-cell, with electrodes of platinum wire of 1 mm 
diameter and the current is provided by constant current sources, built in house. The neutral 
molecule of a potential molecular conductor (5 mg) and a solution (25 ml) of an ionic complex (ca. 
0.1 g) are put into the H cell. A variety of solvents are used depending on the solubility of the 
starting materials. A current of 1 μA was typically passed through the solution for up to 30 days. If no 
solid was produced, the current was increased to 3 μA for six days.  
  
  Chapter 2     
40 
 
 
Figure 2.3 H-type electrocrystallisation apparatus. 
2.4.2 Synthesis of Salts with bis(N-pyrazolyl)pyridines/pyrazines (dpp) 
2.4.2.1 Dpp Ligands 
 
Figure 2.4 Synthesis of 2,6-Bis(N-pyrazolyl)pyridine/pyrazine ligands dppLX (where X = 1 - 4). 
Ligands 2,6-Bis(3,5-dimethyl-N-pyrazolyl)pyridine (dppL1), 2,6-Bis(3,5-dimethyl-N-pyrazolyl)pyrazine 
(dppL2), 2,6-Bis(pyrazolyl)pyrazine (dppL3) and 2,6-Bis(pyrazolyl)pyridine (dppL4) were synthesised 
by the following methods [14, 70, 71]. dppL1 and dppL4: Under nitrogen, a solution of 
3,5-dimethylpyrazole/pyrazole was stirred with potassium in diglyme at 70°C until all metal had 
dissolved. 2,6-dibromopyridine was added and the mixture refluxed at 110°C for 4 days. dppL2 and 
dppL3: Under nitrogen, a solution of 3,5-dimethylpyrazole/pyrazole was stirred with potassium 
hydride in DMF at 50°C until all metal had dissolved. 2,6-dichloropyrazine  was added and the 
mixture refluxed at 90°C for 16 hours. Aqueous quenching of the hot mixtures and storing in an ice 
bath allowed precipitation of the ligand, which was vacuum filtered, dried and recrystallised from 
1:1 methanol/water mixture (dppL1) or DCM (dppL2, dppL3 and dppL4). Individual syntheses and 
yields are shown in Table 2.1.  
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Table 2.1 Quantities used in the synthesis of dppLX ligands (where X = 1 - 4). 
Product  
Pyrazole/ 3,5-
dimethylpyrazole 
(g, mmol) 
K/KH 
(g, mmol) 
2,6-dibromopyridine/ 
2,6-dichloropyrazine 
(g, mmol) 
Solvent 
vol (ml) 
Product 
(g, 
mmol) 
Yield 
(%) 
dppL1 3.10, 32.2 1.20, 30.7 2.36, 9.96 40 
1.91, 
7.17 
72.0 
dppL2 2.88, 30.0 1.21, 30.2 2.22, 14.9 150 
2.58, 
9.63 
64.6 
dppL3 1.02, 15.0 0.65, 16.2 1.11, 7.48 125 
0.71, 
3.33 
44.5 
dppL4 2.19, 32.2 1.15, 29.4 2.36, 9.96 50 
1.78, 
8.44 
84.8 
 
dppL1 Elemental analysis (%) calculated for C15H17N5: C 67.42, H 6.36, N 26.22, experimental C 67.44, 
H 6.34, N 29.28. 1H NMR (CDCl3) δ 7.92-7.67 (m, 3H) pyridine, 6.16 (s, 2H) pyrazole, 2.58 (s, 6H) CH3 
and 2.31 (s, 6H) CH3, compared to literature 7.55-7.95, 5.99, 2.58 and 2.30 [70]. IR (cm
-1) 3109, 2921, 
1587, 1558, 1432, 1369, 1352, 1142, 1047, 1023, 980, 793 and 752.  
dppL2 Elemental analysis (%) calculated for C14H16N6: C 62.69, H 5.97, N 31.34, experimental C 61.87, 
H 5.83, N 33.38. 1H NMR (CDCl3) δ 9.16 (d, 2H) pyrazine, 6.04 (s, 2H) pyrazole, 2.65 (s, 6H) CH3 and 
2.30 (s, 6H) CH3. IR (cm
-1) 3109, 2924, 2853, 1774, 1717, 1560, 1529, 1469, 1445, 1409, 1382, 1346, 
1272, 1204, 1177, 1146, 1128, 1054, 969, 797 and 727.  
dppL3 Elemental analysis (%) calculated for C10H8N6: C 56.61, H 3.77, N 39.62, experimental C 56.25, 
H 3.42, N 43.20. 1H NMR (CDCl3) δ 9.21 (s, 2H) pyrazine, 8.52 (d, 2H) pyrazole, 7.83 (d, 2H) pyrazole, 
and 6.5 (q, 4H) pyrazole, compared to literature (acetone-d6) 9.14, 8.84, 7.89 and 6.66 (dd) [72]. IR 
(cm-1) 3113, 1598, 1579, 1533, 1469, 1394, 1318, 1276, 1206, 1120, 1035, 1008, 872, 760 and 602. 
dppL4 Elemental analysis (%) calculated for C11H9N5: C 62.56, H 4.26, N 33.17, experimental C 61.73, 
H 4.02, N 32.46. 1H NMR (CDCl3) δ 8.57 (dd, 2H) pyrazole, 7.97-7.92 (m, 1H) pyridine, 7.86-7.84 (m, 
2H) pyridine, 7.76 (d, 2H) pyrazole and 6.50 (dd, 2H) pyrazole, compared to literature (CDCl3) 8.55, 
7.75-7.95, 7.75 and 6.48 [70]. IR (cm-1) 3163, 3102, 1795, 1605, 1578, 1524, 1458, 1385, 1351, 1330, 
1263, 1211, 1126, 1072, 1032, 933, 854, 805 and 752.  
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2.4.2.2 Tetrafluoroborate Salts of dpp complexes 
 
Figure 2.5 Synthesis of [Fe(dppLX)2](BF4)2 (where X=1 - 4).  
[Fe(dppLX)2](BF4)2 complexes (where X = 1 - 4) were synthesised by stirring a solution of the ligand in 
acetone with a solution of iron tetrafluoroborate hexahydrate in acetone for two hours [13, 14, 37]. 
Excess diethyl ether was then added to the mixture and left to stand for one hour. The product was 
then isolated by vacuum filtration, washed with diethyl ether and dried under vacuum. Individual 
syntheses and yields are shown in Table 2.2.  
Table 2.2 Quantities used in synthesis of [Fe(dppLX)2](BF4)2 (where X = 1 - 4). 
Product  
X =  
Respective ligand 
(g, mmol) 
Fe(BF4)2.6H2O 
(g, mmol) 
Solvent vol 
(ml) 
Product 
(g, mmol) 
Yield 
(%) 
1 0.30, 1.12 0.19, 0.561 50 0.31, 0.412 73.4 
2 0.051, 0.186 0.030, 0.0932 20 0.044, 0.0572 61.4 
3 0.40, 1.89 0.64, 1.89 60 0.27, 0.417 44.1 
4 0.14, 0.639 0.11, 0.328 40 0.11, 0.175 54.7 
 
 [Fe(dppL1)2](BF4)2 Elemental analysis (%) calculated for C30H34N10FeB2F8: C 47.17, H 4.45, N 18.34, 
experimental C 47.02, H 4.47, N 18.20. IR (cm-1) 3125, 2989, 1611, 1562, 1471, 1414, 1389, 1367, 
1316, 1185, 1028, 988, 778 and 739 cm-1.  
[Fe(dppL2)2](BF4)2 Elemental analysis (%) calculated for C28H32N12FeB2F8: C 43.91, H 4.18, N 21.95, 
experimental C 42.22, H 4.08, N 21.53. IR (cm-1) 3461, 3150, 1739, 1614, 1542, 1463, 1437, 1399, 
1361, 1303, 1220, 1179, 1133, 1036, 985, 845 and 742.  
[Fe(dppL3)2](BF4)2 Elemental analysis (%) calculated for C20H16N12FeB2F8: C 36.74, H 2.45, N 25.71, 
experimental C 36.54, H 2.23, N 25.66. IR (cm-1) 3732, 3627, 3139, 1603, 1567, 1525, 1460, 1401, 
1342, 1307, 1230, 1205, 1155, 1030, 964, 913, 868, 805 and 757 cm-1.  
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[Fe(dppL4)2](BF4)2 Elemental analysis (%) calculated for C22H18N10FeB2F8: C 40.54, H 2.76, N 21.49, 
experimental C 40.54, H 2.56, N 22.79. IR (cm-1) 3139, 1738, 1624, 1589, 1525, 1474, 1402, 1342, 
1313, 1219, 1180, 1084, 1031, 968, 915, 792 and 757.  
2.4.2.3 TCNQ Salts of dpp complexes 
TCNQ salts of dpp complexes were prepared by stirring a 1:2 molar ratio or tetrafluoroborate salt to 
either Li.TCNQ or Bu4N.TCNQ, in acetonitrile or methanol (minimum volume for dissolution). 
Individual syntheses are detailed in Table 2.3. Products were isolated by vacuum filtration and dried 
under a vacuum. 
[Fe(dppL1)2](TCNQ)2 Elemental analysis (%) calculated for (C30H34N10Fe)(C12H4N4)2: C 64.95, H 4.21, N 
25.25, experimental (from Li.TCNQ) C 63.68, H 3.89, N 27.03, experimental (from Bu4N.TCNQ) C 
58.54, H 2.80, N 21.19. IR (cm-1) (due to [Fe(dppL1)2]
+ unless otherwise stated) 3131, 2175 and 2153 
(TCNQ-), 1609, 1560, 1504 (TCNQ-), 1465, 1419, 1358, 1307, 1176, 1135, 1046, 985 and 779.  
Table 2.3 Quantities used in synthesis of [Fe(dppLX)2](TCNQ)2 (where X = 1 - 3). 
Product 
X = 
Li.TCNQ or 
Bu4N.TCNQ 
Solvent 
Respective 
iron complex 
(g, mmol) 
Li/ Bu4N TCNQ 
(g, mmol) 
Product 
(g, mmol) 
Yield 
(%) 
1 Li.TCNQ MeOH 0.050, 0.0655
 0.027, 0.131 0.047, 0.0474 72.3 
Bu4N.TCNQ MeOH 0.039, 0.0512
 0.048, 0.107 0.0039, 0.00391 16.5 
2 Bu4N.TCNQ ACN 0.043, 0.0547
 0.050, 0.112 0.0068, 0.00680 12.4 
Bu4N.TCNQ MeOH 0.013, 0.0168
 0.015, 0.0336 0.0046, 0.00460 27.4 
Li.TCNQ MeOH 0.013, 0.0168 0.0070, 0.0336 0.0093, 0.00929 55.3 
3 Bu4N.TCNQ ACN 0.025, 0.0441
 0.039, 0.0882 0.010, 0.0128 29.1 
 
[Fe(dppL2)2](TCNQ)2 Elemental analysis (%) calculated for (C28H32N12Fe)(C12H4N4)2: C 62.42, H 4.00, N 
28.00, experimental (for Bu4N.TCNQ in MeOH) C 56.76, H 2.82, N 23.99, experimental (for Li.TCNQ in 
MeOH) C 56.20, H 2.93, N 21.19. IR (cm-1) (due to [Fe(dppL2)2]
+ unless otherwise stated)  3313, 2184 
and 2141 (TCNQ-), 1706, 1573, 1504 (TCNQ-), 1439, 1335, 1174, 1029, 979, 825, 801 and 722.  
[Fe(dppL3)2](TCNQ)2 Elemental analysis (%) calculated for (C20H16N12Fe)(C12H4N4)2: C 59.48, H 2.70, N 
31.54%, experimental C 54.25, H 2.06, N 21.16%. IR (cm-1) (due to [Fe(dppL3)2]
+ unless otherwise 
stated) 3311, 2653, 2192 and 2173 (TCNQ-), 1623, 1569, 1505 (TCNQ-), 1400, 1323, 1174, 986, 825 
and 717 cm-1.  
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2.4.2.4 [Ni(mnt)2] salts of dpp complexes 
[Ni(mnt)2] salts of dpp complexes were prepared following the procedure outlined by Nihei et al. for 
the preparation of [Fe(dppL3)2][Ni(mnt)2]2.MeNO2 [22]. A 1:2 molar ratio of [Fe(dppLX)2](BF4)2 and 
Bu4N[Ni(mnt)2] in acetonitrile was stirred, followed by storage at -20°C overnight. The product was 
separated by vacuum filtration and dried under vacuum. Individual syntheses are detailed in Table 
2.4. Products were recrystallised by dissolving in acetonitrile (dppL1 and dppL3 derivatives) or 
acetone or nitromethane (dppL2 derivative) and storing at -20°C. 
Table 2.4 Quantities used in the synthesis of [Fe(dppLX)2][Ni(mnt)2]2 (where X=1-3). 
Product  
Respective iron 
complex (g, mmol) 
Bu4N[Ni(mnt)2] 
(g, mmol) 
Solvent 
vol (ml) 
Product 
(g, mmol) 
Yield 
(%) 
[Fe(dppL1)2][Ni(mnt)2]2 0.020, 0.0262
 0.024, 0.0409 10 0.023, 0.0181 88.3 
[Fe(dppL2)2][Ni(mnt)2]2 0.075, 0.0979
 0.100, 0.171 10 0.092, 0.0724 84.7 
[Fe(dppL3)2][Ni(mnt)2]2 0.015, 0.0265
 0.020, 0.0344 10 0.011, 0.0103 60.4 
 
[Fe(dppL1)2][Ni(mnt)2]2 Elemental analysis (%) calculated for (C30H34N10Fe)(C8N4S4Ni)2: C 43.56, H 
2.68, N 19.88, experimental C 43.87, H 2.42, N 19.92. IR (cm-1) (due to [Fe(dppL1)2]
+ unless otherwise 
stated)  3134, 2204 ([Ni(mnt)2]
-), 1610,  1561, 1483, 1409, 1366, 1316, 1159, 1050, 985 and 740.  
[Fe(dppL2)2][Ni(mnt)2]2 Elemental analysis (%) calculated for (C28H32N12Fe)(C8N4S4Ni)2: C 41.60, H 
2.52, N 22.06, experimental C 41.66, H 2.55, N 21.63. IR (cm-1) (due to [Fe(dppL2)2]
+ unless otherwise 
stated) 3110, 2205 ([Ni(mnt)2]
-), 1596, 1542, 1464, 1432, 1389, 1357, 1304, 1209, 1134, 1041, 1025, 
984, 851, 811 and 741.  
[Fe(dppL3)2][Ni(mnt)2]2 Elemental analysis (%) calculated for (C20H16N12Fe)(C8N4S4Ni)2: C 37.33, H 
1.38, N 24.19, experimental C 37.14, H 1.17, N 23.72. IR (cm-1) (due to [Fe(dppL3)2]
+ unless otherwise 
stated) 3114, 2206 ([Ni(mnt)2]
-), 1603, 1560, 1528, 1460, 1400, 1344, 1310, 1209, 1156, 1053, 965, 
860 and 766.  
2.4.2.5 [Ni(dmit)2] salts of dpp complexes 
[Ni(dmit)2] salts of dpp complexes were prepared by stirring a 1:2 (or 1:3) molar ratio of 
[Fe(dppLX)2](BF4)2 and Bu4N[Ni(dmit)2] in acetonitrile. The mixture was then stored at -20°C before 
vacuum filtration and drying the product under vacuum. Individual syntheses are shown in Table 2.5. 
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Table 2.5 Quantities used in the synthesis of [Fe(dppLX)2][Ni(dmit)2]n (where X = 1 - 4 and n = 2 - 4). 
Product  
Respective iron 
complex (g, mmol) 
Bu4N[Ni(dmit)2] 
(g, mmol) 
Solvent 
vol (ml) 
Product 
(g, mmol) 
Yield 
(%) 
[Fe(dppL1)2][Ni(dmit)2]2 0.011, 0.0144
 0.014, 0.0200 15 0.013, 0.0871 80.6 
[Fe(dppL2)2][Ni(dmit)2]2 0.009, 0.0120
 0.015, 0.0216 20 0.012, 0.0803 74.3 
[Fe(dppL3)2][Ni(dmit)2]2 0.009, 0.0152
 0.014, 0.0202 20 0.009, 0.0695 68.8 
[Fe(dppL4)2][Ni(dmit)2]3 0.022, 0.0338
 0.039, 0.0568 40 0.017, 0.0944 49.9 
[Fe(dppL4)2][Ni(dmit)2]4 0.026, 0.0396
 0.057, 0.0824 40 0.032, 0.0138 67.0 
 
[Fe(dppL1)2][Ni(dmit)2]2 Elemental analysis (%) calculated for (C30H34N10Fe)(C6S10Ni)2: C 33.79, H 
2.28, N 9.38, experimental C 33.83, H 2.39, N 8.94. IR (cm-1) (due to [Fe(dppL1)2]
+ unless otherwise 
stated) 3103, 1705, 1606, 1559, 1480 ([Ni(dmit)2]
-), 1406, 1342 ([Ni(dmit)2]
-), 1179, 1043 
([Ni(dmit)2
-),  982, 804, 774 and 737.  
[Fe(dppL2)2][Ni(dmit)2]2 Elemental analysis (%) calculated for (C28H32N12Fe)(C6S10Ni)2: C 32.13, H 
2.14, N 11.25, experimental C 31.84, H 2.00, N 10.93. IR (cm-1) (due to [Fe(dppL2)2]
+ unless otherwise 
stated) 3625, 1746, 1587, 1534, 1475 ([Ni(dmit)2]
-), 1431, 1395, 1340 ([Ni(dmit)2]
-), 1212, 1141, 1044 
([Ni(dmit)2]
-), 979, 804 and 669.  
[Fe(dppL3)2][Ni(dmit)2]2 Elemental analysis (%) calculated for (C20H16N12Fe)(C6S10Ni)2: C 27.79, H 
1.16, N 12.16, experimental C 25.47, H 1.20, N 9.39. IR (cm-1) (due to [Fe(dppL3)2]
+ unless otherwise 
stated) 3726, 1748, 1524, 1459, 1402, 1334 ([Ni(dmit)2]
-), 1156, 1046 ([Ni(dmit)2]
-) and 965.  
[Fe(dppL4)2][Ni(dmit)2]3 Elemental analysis (%) calculated for (C22H18N10Fe)(C6S10Ni)3: C 26.22, H 
0.98, N 7.65, experimental C 26.32, H 0.69, N 7.81. IR (cm-1) (due to [Fe(dppL4)2]
+ unless otherwise 
stated) 1746, 1614, 1582, 1522, 1471 ([Ni(dmit)2]
-), 1401, 1339 ([Ni(dmit)2]
-), 1308, 1207, 1173, 
1135, 1038 ([Ni(dmit)2]
-), 1023, 967, 894, 777 and 750. 
[Fe(dppL4)2][Ni(dmit)2]4 Elemental analysis (%) calculated for (C22H18N10Fe)(C6S10Ni)4: C 24.19, H 
0.79, N 6.14, experimental C 24.51, H 0.85, N 6.35. IR (cm-1) (due to [Fe(dppL4)2]
+ unless otherwise 
stated) 1739, 1613, 1581, 1521, 1470 ([Ni(dmit)2]
-), 1401, 1340 ([Ni(dmit)2]
-), 1304, 1199, 1170, 1033 
([Ni(dmit)2]
-), 1010, 967, 896 and 776. 
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2.4.3 Synthesis of Salts with Salicylaldehyde Triethylenetetramine (sal2-trien) 
2.4.3.1 Nitrate Salts of sal2-trien complexes 
 
Figure 2.6 Schematic for synthesis of X-salicylaldehyde triethylenetetramine iron (III) nitrate. 
Complexes [Fe(X-sal2-trien)]NO3 (where X = H, 5-bromo, 5-chloro, 3,5-dibromo, 4-diethylamino or 
3-methoxy-5-nitro and sal2-trien is salicylaldehyde triethylenetetramine) were synthesised by 
following a previously published procedure for the preparation of [Fe(sal2-trien)]NO3.1.5H2O [73]. 
The schematic for which is shown in Figure 2.6. The structures of [Fe(5-Brsal2-trien)]
+, [Fe(4-deasal2-
trien)]+ and [Fe(3-OMe-5-NO2sal2-trien)]
+ are shown in Figure 2.7. A solution of X-salicylaldehyde 
(10 mmol) in methanol (20-40 ml) was added to a solution of triethylenetetramine (trien, 5 mmol) 
dissolved in methanol (5 ml) and the resulting yellow mixture stirred for 10 minutes. Sodium 
methoxide (10 mmol) in methanol (25 ml) was slowly added. Iron nitrate nonahydrate (5 mmol) in 
methanol (25 ml) was added, resulting in a dark purple solution which was gravity filtered. Methanol 
was then evaporated to be replaced with water and small quantities of acetone to aid dissolution. 
After standing for several days the aqueous solution was vacuum filtered to isolate the product, 
which was dried under vacuum, and recrystallised in water. Individual syntheses are detailed in 
Table 2.6.  
Table 2.6 Quantities used in synthesis of [Fe(X-sal2-trien)]NO3, where X = H, 5-Br, 5-Cl, 4-dea and 
3-OMe-5-NO2. 
Product  
X = 
Respective 
salicylaldehyde 
(g, mmol) 
Trien  
(g, mmol) 
Sodium 
methoxide 
(g, mmol) 
Iron(III) 
nitrate  
(g, mmol) 
Product 
(g, mmol) 
Yield 
(%) 
H 1.1 ml, 10.0 0.75 ml, 5.00 0.54, 10.0 2.02, 5.00 0.80, 1.70 34.0 
5-Br 2.01, 10.0 0.75 ml, 5.00 0.54, 10.0 2.02, 5.00 2.05, 3.27 65.4 
5-Cl 1.57, 10.0 0.75 ml, 5.00 0.54, 10.0 2.02, 5.00 1.60, 2.97 59.4 
4-dea 1.93, 10.0 0.75 ml, 5.00 0.54, 10.0 2.02, 5.00 2.37, 3.88 77.6 
3-OMe-5-NO2 1.97, 10.0 0.75 ml, 5.00
 0.54, 10.0 2.02, 5.00 0.80, 1.29 25.9 
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Figure 2.7 Structure of [Fe(5-Brsal2-trien)]
+
, [Fe(4-deasal2-trien)]
+
 and [Fe(3-OMe-5-NO2sal2-trien)]
+
. 
[Fe(sal2-trien)]NO3 Elemental analysis (%) calculated for C20H22N5O5Fe: C 51.28, H 4.70, N 14.96, 
experimental C 47.74, H 5.17, N 14.62. IR (cm-1) 3613, 3380 and 3172 (NH), 1628 (C=N), 1596 and 
1536 (C=C-O), 1469 (aromatic C=C), 1295 (C-O), 1199 (C-N) and 755 (C-H). 
[Fe(5-Brsal2-trien)]NO3 Elemental analysis (%) calculated for C20H20N5O5Br2Fe: C 38.38, H 3.20, N 
11.19, experimental C 38.27, H 3.45, N 10.92. IR (cm-1) 3177 (NH), 1621 (C=N), 1527 (C=C-O), 1458 
(aromatic C=C), 1276 (C-O), 1204 and 1175 (C-N) and 766 (C-H). Recrystallisation in water yielded 
suitable single crystals for SC-XRD.  
[Fe(5-Clsal2-trien)]NO3 Elemental analysis (%) calculated for C20H20N5O5Cl2Fe: C 44.73, H 3.72, N 
13.04, experimental C 43.77, H 4.13, N 12.78. IR (cm-1) 3183 (NH), 1622 (C=N), 1529 (C=C-O), 1457 
(aromatic C=C), 1288 (C-O), 1176 (C-N) and 705 (C-H). Recrystallisation in water yielded suitable 
single crystals for SC-XRD.  
 [Fe(4-deasal2-trien)]NO3 Elemental analysis (%) calculated for C28H40N7O5Fe: C 55.11, H 6.56, N 
16.07, experimental (crude) C 55.45, H 6.69, N 11.57. IR (cm-1) 3382 and 3242 (NH), 1626 (C=N), 1597 
(C=C-O), 1462 (aromatic C=C), 1295 (C-O), 1254 (C-N) and 773 (C-H). 
[Fe(3-OMe-5-NO2sal2-trien)]NO3 Elemental analysis (%) calculated for C22H24N7O11Fe: C 42.74, H 
3.88, N 15.87, experimental (crude) C 24.54, H 2.94, N 6.88. IR (cm-1) 3168 (NH), 2969 (dea) 1576 
(C=C-O), 1475 (aromatic C=C), 1305 (C-O), 1134 (C-N) and 778 (C-H). 
2.4.3.2 TCNQ Salts of sal2-trien complexes 
TCNQ salts of sal2-trien complexes were synthesised by metathesis reaction between a 1:1 molar 
ratio of the nitrate salt of the iron complex and Li.TCNQ (section 2.4.1.2) in the minimum volume for 
dissolution in acetonitrile (ACN), methanol (MeOH), or a 1:1 acetonitrile/methanol mixture 
(ACN/MeOH), shown in Table 2.7. 
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Table 2.7 Quantities used in synthesis of [Fe(X-sal2-trien)]TCNQ salts, where X = H, 5-Br, 5-Cl, 4-dea and 
3-OMe-5-NO2. 
Product,  
X = 
Solvent 
[Fe(X-sal2-trien)]NO3 
(g, mmol) 
Li.TCNQ  
(g, mmol) 
Product  
(g, mmol) 
Yield (%) 
H ACN/MeOH 0.052, 0.111 0.025, 0.117 0.050, 0.0812 73.4 
5-Br ACN/MeOH 0.051, 0.0797 0.017, 0.0979 0.054, 0.0706 88.6 
MeOH 0.095, 0.151 0.032, 0.151 0.020, 0.0255 16.9 
ACN 0.050, 0.0797 0.017, 0.0805 0.021, 0.0268 33.6 
5-Cl ACN/MeOH 0.050, 0.0928 0.020, 0.0928 0.047, 0.0691 74.4 
4-dea MeOH 0.050, 0.0819 0.020, 0.0819 0.024, 0.0315 38.5 
3-OMe-5-NO2 MeOH 0.050, 0.0809
 0.017, 0.0809 0.0064, 0.0842 10.4 
 
[Fe(sal2-trien)]TCNQ Elemental analysis (%) calculated for C32H26N8O2Fe: C 62.98, H 4.26, N 18.37, 
experimental C 49.45, H 4.25, N 14.38. IR (cm-1) 3440, and 3268 (NH), 2168 and 2120 (TCNQ-), 1619 
(C=N), 1594 and 1541 (C=C-O), 1437 (aromatic C=C), 1300 (C-O), 1198 and 1148 (C-N) and 756 (C-H).  
[Fe(5-Brsal2-trien)]TCNQ Elemental analysis (%) calculated for C32H24N8O2Br2Fe: C 50.04, H 3.12, N 
14.59, experimental (ACN/MeOH) C 48.18, H 3.14, N 12.06, experimental (MeOH) C 50.08, H 3.20, N 
14.52, experimental (ACN) C 40.61, H 2.82, N 7.91. IR (cm-1) 3384 and 3266 (NH), 2183 and 2127 
(TCNQ-), 1622 (C=N), 1592 and 1505 (C=C-O), 1454 (aromatic C=C), 1286 (C-O), 1239 and 1176 (C-N) 
and 769 (C-H).  
[Fe(5-Clsal2-trien)]TCNQ Elemental analysis (%) calculated for C32H24N8O2Cl2Fe: C 56.59, H 3.53, N 
16.50, experimental C 48.41, H 3.41, N 12.48. IR (cm-1) 3511, 3442 and 3275 (NH), 2172 and 2120 
(TCNQ-), 1622 (C=N), 1594 and 1530 (C=C-O), 1457 (aromatic C=C), 1277 (C-O), 1178 (C-N) and 767 
(C-H).  
[Fe(4-deasal2-trien)]TCNQ Elemental analysis (%) calculated for C40H44N10O2Fe: C 63.85, H 5.85, N 
18.62, experimental (crude) C 59.92, H 5.83, N 17.66. IR (cm-1) 3239 (NH), 2967, 2925 and 2889 
(dea), 2173 and 2152 (TCNQ-), 1578 (C=C-O), 1500 (aromatic C=C), 1307 (C-O), 1176 and 1133 (C-N) 
and 774 (C-H). 
[Fe(3-OMe-5-NO2sal2-trien)]TCNQ Elemental analysis (%) calculated for C34H28N10O8Fe: C 53.71, H 
3.68, N 18.43, experimental C 48.69, H 3.68, N 15.62. IR (cm-1) 3238 (NH), 2176 and 2150 (TCNQ-), 
1623 (C=N), 1594 (C=C-O), 1460 (aromatic C=C), 1297 (C-O), 1264 and 1212 (C-N) and 778 (C-H). 
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2.4.3.3 [Ni(mnt)2] Salts of sal2-trien complexes 
[Ni(mnt)2] salts of sal2-trien complexes were prepared by stirring a 1:1 molar ratio of 
[Fe(X-sal2-trien)]NO3 and Bu4N[Ni(mnt)2] in acetonitrile. The mixture was then left at room 
temperature to reduce the solvent volume before vacuum filtration and drying the product under 
vacuum. Table 2.8 details the syntheses.  
Table 2.8 Quantities used in synthesis of [Fe(X-sal2-trien)][Ni(mnt)2] salts where X = H, 5-Br, 5-Cl, 4-dea and 
3-OMe-5-NO2. 
Product 
X = 
[Fe(X-sal2-
trien)]NO3  
(g, mmol) 
Bu4N 
[Ni(mnt)2]  
(g, mmol) 
Solvent vol 
(ml) 
Product  
(g, mmol) 
Yield (%) 
H 0.11, 0.223 0.10, 0.175 20 0.060, 0.0798 45.5 
5-Br 0.14, 0.222 0.10, 0.175 20 0.069, 0.0758 43.2 
5-Cl 0.11, 0.2118 0.10, 0.172 25 0.067, 0.0824 47.9 
4-dea 0.052, 0.0860 0.05, 0.0860 10 0.0090, 0.0101 11.8 
3-OMe-5-NO2 0.053, 0.0860
 0.050, 0.0860 20 0.0092, 0.0103
 12.0 
 
[Fe(sal2-trien)][Ni(mnt)2] Elemental analysis (%) calculated for C28H22N8O2S4FeNi: C 45.13, H 2.95, N 
15.04, experimental C 49.81, H 4.25, N 14.61. IR (cm-1) 3327 and 3233 (NH), 2190 ([Ni(mnt)2]
-), 1615 
(C=N), 1596 and 1539 (C=C-O), 1470 (aromatic C=C), 1299 (C-O), 1198 (C-N) and 757 (C-H). 
[Fe(5-Brsal2-trien)][Ni(mnt)2] Elemental analysis (%) calculated for C28H20N8O2S4Br2FeNi: C 37.24, H 
2.21, N 12.41, experimental C 36.59, H 2.33, N 11.88. IR (cm-1) 3256 (NH), 2206 ([Ni(mnt)2]
-) 1629 
(C=N), 1588 and 1528 (C=C-O), 1455 (aromatic C=C), 1297 (C-O), 1203 and 1179 (C-N) and 733 (C-H). 
[Fe(5-Clsal2-trien)][Ni(mnt)2] Elemental analysis (%) calculated for C28H20N8O2S4Cl2FeNi: C 41.31, H 
2.46, N 13.77, experimental C 40.265, H 2.645, N 12.12. IR (cm-1) 3270 (NH), 2206 ([Ni(mnt)2]
-) 1630 
(C=N), 1531 (C=C-O), 1455 (aromatic C=C), 1296 (C-O), 1202 and 1180 (C-N) and 704 (C-H). 
Recrystallisation in acetonitrile yielded suitable single crystals for SC-XRD.  
[Fe(3-OMe-5-NO2sal2-trien)][Ni(mnt)2] Elemental analysis (%) calculated for C30H24N10O8S4FeNi: C 
40.25, H 2.68, N 15.65, experimental C 39.36, H 2.75, N 14.64. IR (cm-1) 3222 and 3079 (NH), 2203 
([Ni(mnt)2]
-), 1632 (C=N), 1596 (C=C-O), 1459 (aromatic C=C), 1296 (C-O), 1157 (C-N) and 771 (C-H). 
[Fe(4-deasal2-trien)][Ni(mnt)2] Elemental analysis (%) calculated for C36H40N10O2S4FeNi: C 48.73, H 
4.51, N 15.79, experimental C 47.08, H 4.57, N 14.89. IR (cm-1) 3263 (NH), 2973 and2931 (dea), 2207 
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([Ni(mnt)2]
-), 1577 (C=C-O), 1501 (aromatic C=C), 1308 (C-O), 1190, 1161 and 1136 (C-N) and 780 (C-
H). 
2.4.3.4 [Ni(dmit)2] Salts of sal2-trien complexes 
[Ni(dmit)2] salts of sal2-trien complexes were prepared by stirring a 1:1 molar ratio of 
[Fe(X-sal2-trien)]NO3 and Bu4N[Ni(dmit)2] in acetonitrile. The mixture was then left at 4°C before 
vacuum filtration and drying the product in a desiccator under vacuum [15]. The attempted 
syntheses are shown in Table 2.9. 
Table 2.9 Quantities used in synthesis of [Fe(X-sal2-trien)][Ni(dmit)2] salts, where X = H, 5-Br.  
Product 
X = 
[Fe(X-sal2-trien)]NO3 
(g, mmol) 
Bu4N[Ni(dmit)2] 
(g, mmol) 
Solvent vol  
(ml) 
Product 
(g, mmol) 
Yield (%) 
H 0.013, 0.0281 0.015, 0.0216 10 0.0081, 9.43x10-.3 43.6 
*5-Br 0.022, 0.0351 0.014, 0.0195 20 0.0072, 7.08x10-3 36.3 
* indicates product is not as intended. 
 
[Fe(sal2-trien)][Ni(dmit)2] IR (cm
-1) 3195 (NH), 1615 (C=N), 1595 and 1538 (C=C-O), 1437 (aromatic 
C=C), 1335 ([Ni(dmit)2]
-), 1296 (C-O), 1196, 1144 and 1127 (C-N), 1045 ([Ni(dmit)2]
-), and 751 (C-H). 
Insufficient sample for elemental analysis.  
Attempted preparation of [Fe(5-Brsal2-trien)][Ni(dmit)2] IR (cm
-1) 2956, 2928 and 2868 (Bu4N), 
1620, 1344 and 1053 ([Ni(dmit)2]
-). Insufficient sample for elemental analysis. Product is starting 
material Bu4N[Ni(dmit)2]. 
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2.4.4 Synthesis of Salts with Salicylaldehyde Thiosemicarbazone (thsa) 
2.4.4.1 Thsa Ligands 
 
Figure 2.8 Schematic for synthesis of X-salicylaldehyde thiosemicarbazone where X = H, 5-Br, 5-Cl, 3,5-diBr, 
3-Br-5-Cl, 4-dea, 3-OMe-5-NO2, 3-NO2-5-Br and 3-Br-5-NO2.  
Various derivatives of salicylaldehyde thiosemicarbazone (thsa) ligands were synthesised by 
following procedures analogous to those published for the preparation of thsa, 5-Brthsa and 5-Clthsa 
[74]. A 1:1 molar ratio of the respective salicylaldehyde and thiosemicarbazide were refluxing in 
ethanol or methanol (100 ml) for 3 hours, and the solution left to cool overnight. The resulting 
precipitate was separated by vacuum filtration and washed with cold (m)ethanol, then dried under 
vacuum. The schematic for this reaction is shown in Figure 2.8. The derivations of salicylaldehyde 
thiosemicarbazone and the quantities used for each synthesis are detailed in Table 2.10. The 
structure of each derivative is shown in Figure 2.9.  
Table 2.10 Quantities used in synthesis of thsa-based ligands. 
Product  
Respective salicylaldehyde 
(g, mmol) 
Thiosemicarbazide 
(g, mmol) 
Product 
(g, mmol) 
Yield (%) 
thsa 2.02, 16.5 1.49, 16.3 2.74, 14.0 86.1 
5-Brthsa 1.51, 7.51 0.68, 7.46 1.18, 4.30 57.7 
5-Clthsa 2.01, 12.8 1.16, 12.7 2.20, 9.57 75.4 
3,5-diBrthsa 2.10, 7.50 0.68, 7.46 2.15, 6.09 81.6 
3-Br-5-Clthsa 0.94, 3.99 0.37, 4.06 0.79, 2.56 64.2 
4-(dea)thsa 1.45, 7.50 0.68, 7.46 1.76, 6.61 88.6 
3-OMe-5-NO2thsa 0.99, 5.02
 0.46, 5.05 1.17, 4.33 86.2 
3-NO2-5-Brthsa 1.23, 5.00
 0.46, 5.05 1.19, 3.73 74.6 
3-Br-5-NO2thsa 1.23, 5.00
 0.46, 5.05 0.98, 3.07 61.4 
 
thsa Elemental analysis (%) calculated for C8H9N3OS: C 49.23, H 4.61, N 21.54, experimental C 49.24, 
H 4.59, N 22.48. 1H NMR (DMSO-d6) δ11.36 (s, 1H) N=CH, δ9.86 (s, 1H) OH, δ8.36 (s, 1H) SH, δ8.09 (s, 
br, 1H) aromatic CH, δ7.90 (s/d, 2H) NH2, δ7.23-7.18 (m, 1H) aromatic CH and δ6.87-6.78 (m, 2H) 
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aromatic CH. IR (cm-1)  3439 (OH), 3312 (NH2) 3171 and 3136 (NH), 1601 (azomethine C=N), 1536 (N-
N), 1365 (C=S), 1264 (CO), 1060 (C=S) and 775 (CH).  
5-Brthsa Elemental analysis (%) calculated for C8H8N3OSBr: C 35.06, H 2.92, N 15.34, experimental C 
35.27, H 2.78, N 15.54. 1H NMR (DMSO-d6) δ11.41 (s, 1H) N=CH, δ10.25 (s, br, 1H) OH, δ8.29 (s, 1H) 
SH, δ8.20 (d, 1H) aromatic CH, δ8.14 (d, 2H) NH2, δ7.33 (dd, 1H) aromatic CH and δ6.82 (d, 1H) 
aromatic CH. IR (cm-1) 3452 (OH), 3241 (NH2), 3155 and 3131 (NH), 1635 (NH2), 1598 (azomethine 
C=N), 1541 and 1288 (N-N), 1261 (CO), 1079 (C=S) and 776 (CH).   
5-Clthsa Elemental analysis (%) calculated for C8H8N3OSCl: C 41.83, H 3.48, N 18.30, experimental C 
41.79, H 3.40, N 18.15. 1H NMR (DMSO-d6) δ11.41 (s, 1H) N=CH, δ10.19 (s, br, 1H) OH, δ8.30 (s, 1H) 
SH, δ8.14 (s, 2H) NH2, δ8.09 (d, 1H) aromatic CH, δ7.21 (dd, 1H) aromatic CH and δ6.86 (d, 1H) 
aromatic CH.  IR (cm-1) 3402 (OH), 3228 (NH2), 3191 (NH), 1658 (NH2), 1597 (azomethine C=N), 1538 
(N-N), 1354 (C=S), 1284 (N-N), 1263 (CO), 1114 (C=S) and 775 (CH). 
3,5-diBrthsa Elemental analysis (%) calculated for C8H7N3OSBr2: C 27.22, H 1.98, N 11.91, 
experimental C 27.26, H 2.01, N 11.67. 1H NMR (DMSO-d6) δ11.51 (s, br, 1H) N=CH, δ8.30 (s, 1H) SH, 
δ8.23 (s, br, 2H) NH2, δ8.14 (s, br, 1H) aromatic CH and δ7.74 (d, 1H) aromatic CH. IR (cm
-1) 3501 
(OH), 3380 (NH2), 3095 (NH), 1658 (NH2), 1579 (azomethine C=N), 1537 (N-N), 1353 (C=S), 1275 (N-
N), 1263 (CO), 1115 (C=S) and 863 (CH). 
3-Br-5-Clthsa Elemental analysis (%) calculated for C8H7N3OSBrCl: C 31.14, H 2.27, N 13.62, 
experimental C 31.31, H 2.05, N 13.64. 1H NMR (DMSO-d6) δ11.53 (s, 1H) N=CH, δ9.95 (s, br, 1H) OH, 
δ8.30 (s, 1H) SH, δ8.23 (s, 2H) NH2, δ8.04 (s, 1H) aromatic CH and δ7.64 (d, 1H) aromatic CH. IR (cm
-
1)  3460 (OH), 3345 (NH2) 3144 (NH), 1594 (azomethine C=N), 1526 (N-N), 1355 (C=S), 1256 (CO) and 
727 (CH). 
4-deathsa Elemental analysis (%) calculated for C8H7N3OSBrCl: C 54.14, H 6.76, N 21.05, 
experimental C 54.13, H 6.95, N 21.71. 1H NMR (DMSO-d6) δ11.06 (s, br, 1H) N=CH, δ9.50 (s, br, 1H) 
OH, δ8.19 (s, 1H) SH, δ7.86 (s, br, 2H) NH2, δ7.51 (d, 2H) aromatic CH, δ6.20 (dd, 1H) aromatic CH, 
δ6.09 (d, 1H) aromatic CH, δ3.31 (unclear due to overlap with water peak) CH2 and δ1.09 (t, 6H) CH3. 
IR (cm-1) 3403 (OH), 3295 (NH2) 3170 and 3140 (NH), 1587 (azomethine C=N), 1518 (N-N), 1354 
(C=S), 1282 (CO), 1057 (C=S) and 784 (CH). 
3-OMe-5-NO2thsa Elemental analysis (%) calculated for C9H10N4O4S: C 40.01, H 3.70, N 20.74, 
experimental C 40.10, H 3.68, N 20.70. 1H NMR (DMSO-d6) δ11.52 (s, 1H) N=CH, δ10.83 (s, br, 1H) 
OH, δ8.55 (d, 1H) aromatic CH, δ8.42 (s, 1H) SH, δ8.25 (s, 1H) NH2, δ8.21 (s, 1H) NH2, δ7.73 (d, 1H) 
  Chapter 2     
53 
 
aromatic CH and δ3.95 (s, 3H) OCH3. IR (cm
-1) 3453 (OH), 3344 (NH2) 3096 (NH), 1599 (azomethine 
C=N), 1519 (N-N), 1337 (C=S), 1270 (CO), 1059 (C=S) and 738 (CH). 
3-NO2-5-Brthsa Elemental analysis (%) calculated for C8H7N4O3SBr: C 30.11, H 2.19, N 17.56, 
experimental C 30.20, H 2.07, N 17.81.  1H NMR (DMSO-d6) δ11.62 (s, 1H) N=CH, δ10.17 (s, <0.1H) 
OH, δ8.71 (s, 1H) aromatic CH, δ8.39 (d, 2H) NH2, δ8.38 (s, 1H) SH and δ8.30 (s, br, 1H) aromatic CH. 
IR (cm-1) 3495 (OH), 3356 (NH2) 3145 (NH), 1583 (azomethine C=N), 1521 (N-N), 1367 (C=S), 1277 
(CO), and 762 (CH). 
3-Br-5-NO2thsa Elemental analysis (%) calculated for C8H7N4O3SBr: C 30.11, H 2.19, N 17.56, 
experimental C 30.28, H 2.12, N 17.58. 1H NMR (DMSO-d6) δ11.63 (s, 1H) N=CH, δ10.92 (s, br, 1H) 
OH, δ8.67 (s, 1H) aromatic CH, δ8.37 (s, 2H) NH2, δ8.31 (s, 1H) SH and δ8.12 (d, 1H) aromatic CH. IR 
(cm-1) 3439 (OH), 3318 (NH2) 3076 (NH), 1598 (azomethine C=N), 1517 (N-N), 1382 (C=S), 1267 (CO), 
and 741 (CH). 
 
Figure 2.9 Structure of X-thsa where X = H, 5-Br, 5-Cl, 3,5-diBr, 3-Br-5-Cl, 4-dea, 3-OMe-5-NO2, 3-NO2-5-Br 
and 3-Br-5-NO2. 
2.4.4.2 Iron Complexes of thsa complexes 
Anionic iron complexes of salicylaldehyde thiosemicarbazones were synthesised with a range of 
cations; lithium (from lithium hydroxide monohydrate LiOH.H2O), tetrabutylammonium (from 
tetrabutylammonium hydroxide Bu4N.OH), ammonium (from ammonium hydroxide NH4OH), 
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caesium (from caesium hydroxide hydrate CsOH.H2O), and potassium (from potassium hydroxide). 
The schematic for complexation is shown in Figure 2.10. 
The general procedure for synthesising lithium [17] and tetrabutylammonium salts involved refluxing 
the respective thsa ligand with the cation source in water (40 ml), before adding an aqueous solution 
(20 ml) of iron (III) nitrate nonahydrate (molar ratio 2:4:1) and stirring for 30 minutes. After cooling 
overnight, the mixture was separated by vacuum filtration and the resulting solid dried under 
vacuum. The method described by Zelentsov et al. [75] was followed to synthesise the ammonium 
salt of the complex [Fe(thsa)2]
-. An aqueous solution (100 ml) of thsa and ammonium hydroxide was 
heated before adding a hot aqueous solution (25 ml) of iron (III) nitrate nonahydrate. The hot 
solution was gravity filtered before cooling to room temperature. After standing for 4-6 days, fine 
black plate-like crystals were separated by vacuum filtration and dried under vacuum. The synthesis 
of lithium, tetrabutylammonium and ammonium salts are detailed in Table 2.11.  
Table 2.11 Quantities used in synthesis of iron (III) complexes with thsa ligands.  
Complex 
Respective 
thsa  
(g, mmol) 
LiOH/Bu4N.OH/ 
NH4OH  
(g, mmol) 
Fe(NO3)3 
.9H2O  
(g, mmol) 
Product  
(g, mmol) 
Yield 
(%) 
Li[Fe(thsa)2].3H2O 0.35, 1.79
 0.11, 2.55 0.26, 0.639 0.077, 0.171 26.8 
Li[Fe(5-Brthsa)2].H2O 0.70, 2.55
 0.21, 5.10 0.52, 1.28 0.57, 0.933 73.2 
Li[Fe(5-Clthsa)2].2H2O 0.20, 8.71
 0.074, 1.74 0.18, 0.435 0.12, 0.223 51.1 
*[Fe(Hthsa)(thsa)] 0.70, 3.59 1.86, 7.18 0.74, 1.83 0.61, 0.880 48.5 
Bu4N[Fe(5-Brthsa)2] 0.94, 3.43
 1.88, 7.25 0.69, 1.71 1.00, 0.120 70.0 
Bu4N[Fe(5-Clthsa)2] 0.41, 1.77 0.92, 3.54 0.36, 8.86 0.39, 0.512
 57.5 
Bu4N[Fe(3,5-diBrthsa)2] 0.96, 2.71
 1.42, 5.47 0.55, 1.36 0.17, 0.171 12.6 
Bu4N[Fe(3-Br-5-Clthsa)2] 0.35, 1.14
 0.61, 2.35 0.23, 0.569 0.29, 0.323 56.7 
Bu4N[Fe(4-deathsa)2] 0.50, 1.89
 0.98, 3.78 0.38, 0.945 0.70, 0.845 89.0 
*[Fe(3-OMe-5-NO2Hthsa)(3-
OMe-5-NO2thsa)] 
0.50, 8.14 0.96, 3.69 0.38, 0.930 0.48, 0.529 57.5 
Bu4N[Fe(3-NO2-5-Brthsa)2] 0.50, 1.57
 0.82, 3.14 0.32, 0.785 0.40, 0.433 55.2 
Bu4N[Fe(3-Br-5-NO2thsa)2] 0.71, 2.22
 1.15, 4.44 0.45, 1.11 0.92, 0.991 89.3 
*[Fe(Hthsa)(thsa)].H2O 0.20, 1.02
 0.23, 2.05 0.21, 0.518 0.13, 0.282 54.4 
* indicates the actual product was not as intended 
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Figure 2.10 Synthesis of anionic iron salicylaldehyde thiosemicarbazone complexes, where X = H, 5-Br, 5-Cl, 
3,5-diBr, 3-Br-5-Cl, 4-dea, 3-OMe-5-NO2, 3-NO2-5-Br and 3-Br-5-NO2 and Cat
+
 is cation.  
Li[Fe(thsa)2].3H2O Elemental analysis (%) calculated for C16H14N6O2S2FeLi.3H2O: C 38.19, H 3.98, N 
16.71, experimental C 37.86, H 3.23, N 16.12. IR (cm-1) 3405 (OH), 3291 and 3169 (NH) 1595 
(azomethine C=N), 1538 (N-N), 1317 and 1286 (CO), 1149 (N-N), 1038 (C-S), and 757 (CH).  
Li[Fe(5-Brthsa)2].H2O Elemental analysis (%) calculated for C16H12N6O2S2Br2FeLi.H2O: C 30.83, H 2.27, 
N 13.49, experimental C 30.25, H 2.37, N 12.86. IR (cm-1) 3488 and 3446 (OH), 3292 and 3136 (NH) 
1603 (azomethine C=N), 1537 (N-N), 1268 (CO), 1135 (N-N) and 1037 (C-S).  
Li[Fe(5-Clthsa)2].2H2O Elemental analysis (%) calculated for C16H12N6O2S2FeLi.2H2O C 34.68, H 2.89, N 
15.17, experimental C 34.53, H 2.44, N 14.68. IR (cm-1) 3484 and 3439 (OH), 3265 and 3137 (NH) 
1607 (azomethine C=N), 1537 (N-N), 1268 (CO), 1135 (N-N), 1034 (C-S) and 753 (C-H).  
 [Fe(Hthsa)(thsa)] (Attempted preparation of Bu4N[Fe(thsa)2]) Elemental analysis (%) calculated for 
C16H17N6O2S2Fe: C 43.16, H 3.82, N 18.88, experimental C 46.13, H 4.00, N 19.73. IR (cm
-1) 3410 (OH), 
3266 and 3144 (NH), 1594 (azomethine C=N), 1537 (N-N), 1332 and 1281 (CO), 1147 (N-N), 1031 (CS) 
and 7578 (CH).  
Bu4N[Fe(5-Brthsa)2] Elemental analysis (%) calculated for C16H36N.C14H12N6O2S2Br2Fe: C 45.53, H 5.92, 
N 11.62, experimental C 36.37, H 3.52, N 12.92. IR (cm-1) 3449 and 3397 (OH), 3251 and 3156 (NH), 
2995 (Bu4N), 1599 (azomethine C=N), 1539 (N-N), 1350 and 1291 (CO), 1136 (N-N), 1029 (CS) and 
772 (CH).  
Bu4N[Fe(5-Clthsa)2] Elemental analysis (%) calculated for C16H36N.C16H12N6O2S2Cl2Fe: C 51.02, H 6.37, 
N 13.02%, experimental C 43.81, H 4.01, N 15.02%. IR (cm-1) 3455 ad 3405 (OH), 3252 and 3156 (NH), 
2997 (Bu4N), 1603 (azomethine C=N), 1536 (N-N), 1354 and 1290 (CO), 1135 (N-N) and 690 (CH).  
Bu4N[Fe(3,5-diBrthsa)2] Elemental analysis (%) calculated for C16H36N.C16H10N6O2S2Br4Fe: C 38.43, H 
4.60, N 9.81%, experimental C 27.20, H 2.37, N 9.63%. IR (cm-1) 3464 and 3352 (OH), 3159 (NH), 2964 
and 2873 (Bu4N), 1590 (azomethine C=N), 1534 (N-N), 1355 and 1289 (CO), 1137 (N-N), 1022 (CS) 
and 714 (CH).  
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Bu4N[Fe(3-Br-5-Clthsa)2] Elemental analysis (%) calculated for C16H36N.C16H10N6O2S2Br2Cl2 Fe: C 42.18, 
H 5.05, N 10.76, experimental C 32.46, H 2.68, N 12.04. IR (cm-1) 3462 and 3348 (OH), 3150 (NH), 
2963 and 2872 (Bu4N), 1594 (azomethine C=N), 1527 (N-N), 1356 and 1287 (CO), 1141 (N-N) and 727 
CH).  
Bu4N[Fe(4-(dea)thsa)2] Elemental analysis (%) calculated for C16H36N.C24H32N8O2S2Fe:  C 58.13, H 
8.23, N 15.26, experimental C 51.51, H 6.66, N 17.33. IR (cm-1) 3403 (OH), 3296 and 3168 (NH), 2968 
and 2926 (Bu4N), 1601 (azomethine C=N), 1565 (N-N), 1340 and 1242 (CO), 1132 (N-N) and 783 (CH).  
[Fe(3-OMe-5-NO2Hthsa)(3-OMe-5-NO2thsa)] (Attempted preparation of 
Bu4N[Fe(3-OMe-5-NO2thsa)2]) Elemental analysis (%) calculated for C18H17N8O8S2Fe: C 36.44, H 2.87, 
N 18.89, experimental C 36.90, H 2.97, N 18.65. IR (cm-1) 3440 and 3376 (OH), 3290 and 3191 (NH), 
1602 (azomethine C=N), 1561 (N-N), 1297 and 1249 (CO), 1108 (N-N) and 741 (CH).  
Bu4N[Fe(3-NO2-5-Brthsa)2] Elemental analysis (%) calculated for C16H36N.C16H10N8O6S2Br2Fe: C 41.23, 
H 4.93, N 13.53, experimental C 29.92, H 2.24, N 16.23. IR (cm-1) 3424 and 3356 (OH), 3226 and 3097 
(NH), 2961 (Bu4N), 1600 (azomethine C=N), 1522 (N-N), 1304 and 1249 (CO), 1098 (N-N) and 763 
(CH).  
Bu4N[Fe(3-Br-5-NO2thsa)2] Elemental analysis (%) calculated for C16H36N.C16H10N8O6S2Br2Fe: C 41.23, 
H 4.93, N 13.53, experimental C 34.80, H 3.45, N 15.13. IR (cm-1) 3440 and 3315 (OH), 3168 and 3092 
(NH), 2961 and 2873 (Bu4N), 1583 (azomethine C=N), 1297 (CO), 1152 (N-N) and 742 (CH).  
[Fe(Hthsa)(thsa)].H2O (attempted preparation of NH4[Fe(thsa)2]). Elemental analysis (%) calculated 
for C16H15N6O2S2Fe.H2O: C 41.67, H 3.69, N 18.23 experimental C 42.23, H 3.76, N 20.33. IR (cm
-1) 
3482 (H2O), 3411 and 3250 (NH), 1616 (C=N), 1591 (ring), 1538 (N-N), 1335 and 1290 (C-O), 1203 
and 1154 (N-N), 1035 (C-S), 964 (C-O), 817 (C=S) and 750 (C-H).   
Caesium salts of the complex [Fe(thsa)2]
- were synthesised by reported method [74]. An aqueous 
solution (10 ml) of iron (III) chloride hexahydrate was added dropwise to an aqueous mixture (40 ml) 
of caesium hydroxide hydrate and the relevant salicylaldehyde thiosemicarbazone whilst stirring 
(ratio 1:5:2). The mixture was heated to 80°C for 30 minutes, before vacuum filtration and leaving 
the solution to stand at room temperature for several days. Product was isolated by vacuum 
filtration and dried in a desiccator under vacuum. Potassium salts were synthesised in an analogous 
method. The quantities and yields for each procedure are shown in Table 2.12. 
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Table 2.12 Quantities used in synthesis of caesium and potassium salts of iron (III) complexes with thsa 
ligands. 
Complex 
Respective 
thsa (g, mmol) 
CsOH/ 
KOH (g, mmol) 
FeCl3.6H2O  
(g, mmol) 
Product  
(g, mmol) 
Yield 
(%) 
Cs[Fe(thsa)2].4H2O 0.79, 4.04
 1.36, 8.08 0.55, 2.02 1.03, 1.78 88.3 
Cs[Fe(5-Brthsa)2] 0.23, 0.821 0.33, 1.98
 0.11, 0.418 0.26, 0.355 84.9 
Cs[Fe(5-Clthsa)2] 0.11, 0.460
 0.20, 1.15 0.067, 0.230 0.12, 0.183 76.9 
K[Fe(thsa)2] 0.50, 2.56 0.36, 6.40 0.52, 1.28 0.35, 0.727
 56.8 
K[Fe(5-Brthsa)2] 0.097, 0.352
 0.11, 2.00 0.083, 0.206 0.11, 0.172 97.9 
K[Fe(5-Clthsa)2] 0.19, 0.829
 0.14, 2.56 0.18, 0.443 0.21, 0.390 94.1 
 
Cs[Fe(thsa)2].4H2O Elemental analysis (%) calculated for C16H14N6O2S2FeCs.4H2O: C 29.70, H 3.40, N 
12.99, experimental C 29.82, H 2.78, N 13.07. IR (cm-1) 3569 (H2O), 3313 and 3204 (NH2), 1639 
(azomethine C=N), 1590 (C=C ring), 1540 (N-N), 1318 (C-O), 1207 and 1152 (N-N), 1030 (CS), 952 
(C-O) and 759 (C-H).  
Cs[Fe(5-Brthsa)2] Elemental analysis (%) calculated for C16H12N6O2S2Br2FeCs: C 26.22, H 1.64, N 
11.47, experimental C 21.18, H 1.39, N 8.84. IR (cm-1) 3425 (OH), 3266 and 3116 (NH), 1605 
(azomethine C=N), 1582 (C=C ring), 1529 (N-N), 1353 (CS) 1283 (C-O), 1133 (N-N), 1023 (C=S) and 
737 (C-H).  
Cs[Fe(5-Clthsa)2] Elemental analysis (%) calculated for C16H12N6O2S2Cl2FeCs: C 29.84, H 1.86, N 
13.05%, experimental C 29.38, H 1.74, N 12.49%. IR (cm-1) 3441 (H2O), 3263 and 3112 (NH2), 1609 
(azomethine C=N), 1587 (C=C ring), 1534 (N-N), 1355 (CS), 1280 (C-O), 1184 (N-N), 1023 (CS), and 
748 (C-H). 
K[Fe(thsa)2] Elemental analysis (%) calculated for C16H14N6O2S2FeK: C 39.93, H 2.91, N 17.47, 
experimental C 39.48, H 2.99, N 17.01. IR (cm-1) 3469 (H2O), 3232 (NH2), 1598 (azomethine C=N), 
1593 (C=C ring), 1545 (N-N), 1310 (CO), 1201 and 1149 (N-N), 1024 (CS), 941 (CO) and 754 (C-H).  
K[Fe(5-Brthsa)2] Elemental analysis (%) calculated for C16H12N6O2S2Br2FeK: C 30.07, H 1.88, N 13.15, 
experimental C 30.67, H 2.21, N 13.20. IR (cm-1) 3446 (OH), 3252 and 3146 (NH), 1627 (azomethine 
C=N), 1597 (C=C ring), 1531 (N-N), 1292 (CO), 1188 (N-N), 1025 (CS) and 920 (CO). 
K[Fe(5-Clthsa)2] Elemental analysis (%) calculated for C16H12N6O2S2Cl2FeK: C 34.93, H 2.18, N 15.28, 
experimental C 34.01, H 2.17, N 10. IR (cm-1) 3460 (OH), 3248 and 3085 (NH), 1612 (azomethine 
C=N), 1537 (N-N), 1358 (CS), 1274 (CO), 1199 (N-N), 1030 (CS), 930 (CO) and 753 (CH).  
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2.4.4.3 TTF and BEDT-TTF Salts of thsa complexes 
Preparation of potentially conducting salts with [Fe(X-thsa)2]
- (where X = H, 5-Br and 5-Cl) was 
attempted by both chemical and electrochemical methods. Chemical methods involved metathesis 
with TTF3(BF4)2 (synthesised in section 2.4.1.1). Lithium, Bu4N, caesium and potassium salts of 
[Fe(X-thsa)2] (where X = H and 5-Br) were mixed with TTF3(BF4)2 in acetonitrile (minimum volume for 
dissolution). The successful synthesis of products TTF[Fe(thsa)2] and TTF[Fe(5-Brthsa)2] are detailed 
in Table 2.13. Attempted synthesis of TTF[Fe(5-Clthsa)2] from caesium and potassium salts gave 
products with disagreeable elemental analysis results.  
Table 2.13 Quantities used in the synthesis of TTF salts of [Fe(X-thsa)2] salts where X = H and 5-Br. 
Product Starting complex 
Starting complex  
(g, mmol) 
TTF3(BF4)2  
(g, mmol) 
Product 
(g, mmol) 
Yield (%) 
H Bu4N[Fe(thsa)2] 0.049, 0.0716 0.020, 0.0243 0.012, 0.0186 25.4 
5-Br Bu4N[Fe(5-Brthsa)2] 0.57, 0.674 0.16, 0.225 0.20, 0.243 53.9 
 
TTF[Fe(thsa)2] Elemental analysis (%) calculated for C6H4S4.C16H16N6O2S2Fe: C 40.87, H 2.78, N 13.00, 
experimental C 41.67, H 3.37, N 12.87. IR (cm-1) 3025 (TTF), 2038, 1648 (TTF), 1599 (thsa), 1535 
(TTF/thsa), 1461 (TTF), 1364, 1302, 1202 and 1150 (thsa), 1032 (TTF), 969 and 755 (thsa). Insufficient 
product for further analysis and efforts to increase the yield resulted in starting material TTF3(BF4)2 
precipitating out of solution. Repeat synthesis gave disagreeable elemental analysis results.  
TTF[Fe(5-Brthsa)2] Elemental analysis (%) calculated for C6H4S4.C16H12N6O2S2Br2Fe: C 32.85, H 1.99 N 
10.45, experimental C 32.52, H 1.99, N 11.05. IR (cm-1) 3626, 3284 (thsa), 3061 (TTF), 1594 and 1525 
(thsa), 1454 and 1365 (TTF), 1286 (thsa/TTF), 1181, 1136 (thsa), 1033 (thsa/TTF), 951, 819 and 622 
(TTF). Sample submitted for SQUID analysis. 
Electrocrystallisation experiments were attempted using neutral TTF, BEDT-TTF or TMTSF (0.005 g) 
with lithium, tetrabutylammonium, caesium and potassium iron (III) thsa complexes (0.1 g) in the 
following solvent (25 ml) mixes: DSMO, Acetonitrile, DMF, Acetonitrile and DMF, Methanol and 18-
Crown-6, Benzonitrile and 18-Crown-6, Toluene and 18-Crown-6, DCM and 18-Crown-6. Setups 
which yielded products are listed below.  
TTF[Fe(thsa)2] A current of 1 μA was passed through a solution of K[Fe(thsa)2] (0.10 g, 0.208 mmol) 
in acetonitrile (20 ml) with TTF (ca. 5 mg, 0.0245 mmol) for three months. Product was collected 
from the positive electrode.  Elemental analysis (%) calculated for C6H4S4.C16H16N6O2S2Fe: C 40.87, H 
2.78, N 13.00, experimental C 38.75, H 2.44, N 12.94. IR (cm-1) 3306 (thsa), 3052 (TTF), 2049, 1646 
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(TTF), 1585 (thsa), 1537 (thsa/TTF), 1505 and 1467 (TTF), 1292, 1202 and 1149 (thsa), 1027 
(thsa/TTF), 805 and 751 (thsa). Sample submitted for SQUID analysis. 
BEDT-TTF[Fe(thsa)2] A current of 1 μA was passed through a solution of K[Fe(thsa)2] (0.10 g, 
0.208 mmol) in benzonitrile (20 ml) with 18-Crown-6 (minimum to dissolve metal salt) with 
BEDT-TTF (ca. 5 mg, 0.0130 mmol) for three months. Product formed on the positive electrode, 
however there was an insufficient quantity for analysis.  
TMTSF[Fe(thsa)2] A current of 1 μA was passed through a solution of K[Fe(thsa)2] (0.10 g, 
0.208 mmol) in benzonitrile (20 ml) with 18-Crown-6 (minimum to dissolve metal salt) with TMTSF 
(ca. 5 mg, 0.0112 mmol) for three months. Product formed on the positive electrode, however there 
was an insufficient quantity for analysis. 
2.4.5 Synthesis of Spin Crossover Double Salts  
SCO double salts [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4) were synthesised from [Fe(dppLX)2](BF4)2 
(section 2.4.2) and Cs[Fe(thsa)2].3H2O (section 2.4.4). The procedure (analogous to that outlined by 
Tido [74], but not published in a peer reviewed journal) involved stirring a methanolic solution 
(20 ml) of [Fe(dppLX)2](BF4)2 with an aqueous solution (70 ml) of Cs[Fe(thsa)2].3H2O. Solid rapidly 
precipitated out of solution, and was vacuum filtered and dried. The quantities for each synthesis 
are shown in Table 2.14. 
Table 2.14 Quantities used for preparation of SCO double salts, [Fe(dppLX)2][Fe(thsa)2]2 where X = 1 - 4. 
SCO double salt 
X = 
[Fe(dppLX)2](BF4)2 
(g, mmol) 
Cs[Fe(thsa)2].3H2O 
(g, mmol) 
Product 
(g, mmol) 
Yield (%) 
1 0.10, 0.133 0.15, 0.261 0.13, 0.0863 66.2 
2 0.052, 0.0679 0.079, 0.138 0.051, 0.0343 50.5 
3 0.085, 0.129 0.15, 0.261 0.11, 0.0770 59.6 
4 0.066, 0.102 0.12, 0.213 0.089, 0.0654 64.3 
 
[Fe(dppL1)2][Fe(thsa)2]2 Elemental analysis (%) calculated for (C30H34N10Fe)(C16H14N6O2S2Fe)2: C 
50.50, H 4.20, N 20.90, Experimental C 47.45, H 4.32, N 20.47. IR (cm-1) 3414 and 3266 (dpp/thsa), 
3136, 3053 and 2922 (dpp), 1738, 1591 (thsa), 1540 (thsa), 1472 (dpp), 1433, 1353, 1302, 1206 
and 1155 (thsa), 1025 (thsa), 975 (dpp) and 754 (thsa). 
[Fe(dppL2)2][Fe(thsa)2]2 Elemental analysis (%) calculated for (C28H32N12Fe)(C16H14N6O2S2Fe)2: C 
48.80, H 4.06, N 22.77, Experimental C 47.85, H 4.52, N 22.98 . IR (cm-1) 3413 and 3258 (dpp/thsa), 
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3144, 3051 and 2925 (dpp), 1595 (thsa), 1574, 1538 (thsa), 1472 and 1413 (dpp), 1336, 1302 
(dpp), 1199 and 1156 (thsa), 1126 (dpp) 1033 and 968 (thsa), 910, 819 and 752 (thsa). 
[Fe(dppL3)2][Fe(thsa)2]2 Elemental analysis (%) calculated for (C20H16N12Fe)(C16H14N6O2S2Fe)2: C 
45.77, H 3.22, N 24.64, Experimental C 44.94, H 3.43, N 26.48. IR (cm-1) 3412 and 3255 (dpp/thsa), 
1595 and 1539 (thsa), 1472 and 1432 (dpp), 1337, 1301 (dpp), 1206 and 1156 (thsa), 1122, 1035 
(thsa), 908 and 872 (dpp) and 755 (thsa). 
[Fe(dppL4)2][Fe(thsa)2]2 Elemental analysis (%) calculated for (C22H18N10Fe)(C16H14N6O2S2Fe)2: C 
47.60, H 3.38, N 22.62 , Experimental C 46.98, H 3.54, N 22.32. IR (cm-1) 3410 and 3255 (dpp/thsa), 
3102, 3051, 1602 (thsa), 1524, 1472 and 1433 (dpp), 1388, 1333 (dpp), 1302, 1207 and 1153 
(thsa), 1072 (dpp), 1033 (thsa), 934, 904, 806 and 753 (thsa). 
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3.1 Introduction 
Novel SCO materials are constantly being discovered, however they are generally all composed of 
similar structural units containing pyridine, pyrazine, pyrazole, 1,10-phenathroline, diimines, 
terpyridines and similar, often involving N-donor ligands [74]. Some of the most synthetically flexible 
ligand groups in SCO research are 2,6-bis(N-pyrazoleyl)pyridines and pyrazines (dpp), as they can be 
functionalised at every site [13]. Tetrafluoroborate (BF4
-) and perchlorate (ClO4
-) are the most 
commonly used counterions to complexes of [FeII(dpp)2]
+ [14, 37], however other anions include PF6
- 
[37] and SbF6
- [76].  
A correlation has been found between iron (II) complexes (with dpp or related ligands) fixed in the 
HS state and their Jahn-Teller distortion [76]. Octahedral distortion was previously discussed in 
section 1.2.1 in terms of the parameter Σ for the deviation in angles from 90°/180° for the ligands 
cis/trans to each other. Jahn-Teller angular distortion arises from the ligand planes twisting around 
the vertical N-Fe-N axis and can be quantified by θ and φ, where θ is the angle between ligand 
planes (<90°), and φ is the trans-N-Fe-N angle (<180°) [13], depicted in Figure 3.1 [76].  
 
Figure 3.1 Jahn-Teller distortion in octahedral complexes, quantified by angles θ and φ [76]. 
Four ligands are focussed upon in this chapter; dppL1 = 2,6-Bis(3,5-dimethyl-N-pyrazolyl)pyridine, 
dppL2 = 2,6-Bis(3,5-dimethyl-N-pyrazolyl)pyrazine, dppL3 = 2,6-Bis(pyrazolyl)pyrazine and dppL4 = 
2,6-Bis(pyrazolyl)pyridine, shown in Figure 3.2. Published examples of these complexes with various 
counterions and SCO behaviour are listed in Table 3.1.  
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Figure 3.2 Structure of dppLX (where X = 1 - 4). 
Table 3.1 Examples of published iron (II) salts with dppLX (where X = 1 - 4) ligands and their SCO behaviour.  
Complex Counterion SCO Behaviour Ref. 
[Fe(dppL1)2]
2+ BF4 LS state at room temperature [13] 
[Fe(dppL2)2]
2+ BF4 LS state at room temperature 
[14] 
ClO4 LS state at room temperature 
[Fe(dppL3)2]
2+ BF4 Abrupt SCO at 223 K 
ClO4 Abrupt SCO at 206 K 
[Fe(dppL4)2]
2+ BF4 Abrupt SCO centred around 259 K 
[37] 
PF6 HS state between 25 and 300 K 
[Ni(mnt)2] Stepwise SCO with three intermediate phases [22] 
 
3.2 Synthesis and Characterisation  
The preparation of ligands dppLX (where X = 1 - 4) (section 2.4.2.1) followed published procedures 
[14, 70, 71], which involved using potassium or potassium hydride to reduce the relevant pyrazole 
before addition of 2,6-halogen substituted pyridine/pyrazine under nitrogen. The product was 
precipitated by cold aqueous quenching, which was isolated and dried. Recrystallisation in 
methanol/water or DCM yielded white crystalline materials with agreeable elemental analyses, IR 
and NMR spectra.  
The complexation reaction involved an equimolar ratio of ligand and iron (II) tetrafluoroborate 
hexahydrate (section 2.4.2.2). Although both tetrafluoroborate salts and perchlorate salts are good 
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SCO materials, the former were chosen over the latter as perchlorate salts are potentially explosive, 
and as these salts are not the final target salts, it was deemed to be largely unimportant. 
Tetrafluoroborate salts were characterised by IR spectroscopy and elemental analysis.  
Metathesis reactions of [FeII(dppLX)2](BF4)2 (where X = 1 - 4) with Li.TCNQ, Bu4N.TCNQ, 
Bu4N[Ni(mnt)2] and Bu4N[Ni(dmit)2] were carried out with a 1:2 ratio in a range of solvents, with 
varying success (sections 2.4.2.3 - 2.4.2.5). The challenges faced in these syntheses are discussed 
further in section 3.8.1. Fortunately IR spectroscopy provides a quick indication of whether a 
metathesis reaction has been successful. Upon successful metathesis, distinctive peaks arise in the IR 
spectra for TCNQ- (two peaks around 2190 and 2165 cm-1) [47], [Ni(mnt)2]
- (single peak around 
2205 cm-1) [77] or [Ni(dmit)2]
-  (around 1480, 1340 and 1045 cm-1) [78, 79]. This was then confirmed 
by elemental analysis. SQUID magnetism, DSC, Mössbauer spectroscopy and conductivity were then 
measured on products as appropriate.  
3.3 Description of Crystal Structures 
3.3.1 [Fe(dppL1)2][Ni(mnt)2]2  
 
Figure 3.3 Structure of [Fe(dppL1)2][Ni(mnt)2]2, with atom numbering scheme used for all [Ni(mnt)2] salts. 
Hydrogen atoms have been omitted for clarity. 
[Fe(dppL1)2][Ni(mnt)2]2 crystallises in the triclinic space group P-1 with Z = 2, determined by SC-XRD 
at both 100 K and 293 K. Table 3.7 contains relevant crystallographic details and Figure 3.3 shows 
the molecular structure of [Fe(dppL1)2][Ni(mnt)2]2, with relevant atoms numbered. Each asymmetric 
unit contains one cationic iron (II) complex and two crystallographically independent 
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[Ni(mnt)2]
- anions. The iron (II) is coordinated to two tridentate ligands, in a distorted FeN6 
octahedral geometry.  
The Fe-N bond lengths are shown in Table 3.2. The average bond lengths between iron and 
pyridine-N are 1.899 Å at both 100 K and 293 K, compared to 1.986 Å at 100 K and 1.989 Å at 293 K 
for the average iron pyrazole-N bond lengths. These bond lengths indicate the complex exists in the 
LS state at both temperatures. This is slightly unexpected, as salts with similar ligands such as 
[Fe(dppL4)2][Ni(mnt)2]2.MeNO2 [22] and [Fe(L)2][Ni(mnt)2] (where L is 
2,6-bis(3,5-dimethylpyrazol-1-ylmethyl)pyridine) [56] exist in the HS state at room temperature. 
However the experimental bond lengths are comparable to [Fe(dppL4)2][Ni(mnt)2]2.MeNO2 in the LS 
state (at 180 K) [22]. 
The iron in [Fe(dppL1)2][Ni(mnt)2]2 has a distorted octahedral geometry. At 100 K the angles 
between the ligands trans to each other vary from 160.7° to 177.0°, and the angles between the 
ligands cis to each other vary from 80.1° to 102.1°. At 293 K the angles between the ligands trans to 
each other vary from 160.4° and 178.0°, and the angles between the ligands cis to each other vary 
from 80.2° to 101.4°. Octahedral distortion can be summarised by Σ(90) and Σ(180), the modulus sum of 
the deviation from 90° or 180° respectively. At 100 K, Σ(90) is 87.5 and Σ(180) 41.5. At 293 K, Σ(90) is 86.6 
and Σ(180) 41.0. ΔΣ(90) is -0.89 and ΔΣ(180) is -0.56. Upon SCO from the HS to the LS state the octahedral 
distortion is expected to decrease, corresponding to a large positive ΔΣ. The small negative changes 
observed for [Fe(dppL1)2][Ni(mnt)2]2 confirms no SCO occurs between 100 K and 293 K.  
The [Ni(mnt)2]
- anions have square planar structures with torsion angles of -2.93° 
(S1-C1-C2-S2), -0.66° (S5-C5-C6-S6), 1.20° (S11-C11-C12-S12) and -0.05° (S15-C15-C16-S16) at 100 K, 
and -3.52° (S1-C1-C2-S2), 0.85° (S5-C5-C6-S6), -0.25° (S11-C11-C12-S12) and 1.59° (S15-C15-C16-S16) 
at 293 K. The average Ni-S coordination bond lengths are 2.150 Å at 100 K and 2.145 Å at 293 K (all 
Ni-S bond lengths are shown in Table 3.2), comparable to previously reported structures with 
[Ni(mnt)2] anions [22, 56]. 
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Table 3.2 Coordination bond lengths in [Fe(dppL1)2][Ni(mnt)2]2 (see Figure 3.3 for atom numbering). 
Bond 100 K 293 K Bond 100 K 293 K Bond 100 K 293 K 
Fe1-
N23 
1.898(3) 1.896(3) 
Ni1-
S5 
2.1437(11) 2.1412(13) 
Ni2-
S15 
2.1481(11) 2.1426(13) 
Fe1-
N43 
1.900(3) 1.901(3) 
Ni1-
S2 
2.1472(11) 2.1444(13) 
Ni2-
S11 
2.1513(11) 2.1467(12) 
Fe1-
N41 
1.982(3) 1.988(3) 
Ni1-
S1 
2.1516(11) 2.1465(12) 
Ni2-
S16 
2.1513(11) 2.1470(13) 
Fe1-
N21 
1.985(3) 1.988(3) 
Ni1-
S6 
2.1560(11) 2.1470(12) 
Ni2-
S12 
2.1532(11) 2.1481(14) 
Fe1-
N25 
1.986(3) 1.989(3) 
      
Fe1-
N45 
1.990(3) 1.991(3) 
      
 
 
Figure 3.4 Crystallographic structure of [Fe(dppL1)2][Ni(mnt)2]2 at 100 K viewed along the crystallographic c 
axis showing the layered structure, with cationic iron complex in green and anionic nickel complexes in blue 
(Ni-1) and red (Ni-2). Blue dotted lines indicate short contacts throughout the structure.  
The crystal structure of [Fe(dppL1)2][Ni(mnt)2]2 consists of alternating layers of [Fe(dppL1)2]
+ cations 
and [Ni(mnt)2]
- anions, shown in Figure 3.4. Dimers form between crystallographically independent 
[Ni(mnt)2]
- anions, and each dimer is interdigitated by ligands from the cation layer. At 100 K, short 
contacts exist between sulfur atoms within Ni dimers (3.393 Å S1-S11 and 3.526 Å S6-S16). Short C-C 
contacts (C3-C3 3.259 Å) connect dimers via Ni-1 to Ni-1, also shown in Figure 3.4. There are also 
short contacts between carbons and hydrogens on the cation and carbon and nitrogen (C11, C13, 
N1, N2 and N12) on the anion. The short contacts at 293 K exist within Ni dimers (S1-S11 3.577 Å) 
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and between dimers (C3-C3 3.338 Å). The interplane distances between Ni-1 anions is 2.982 Å, and 
Ni-2 anions is 3.308 Å at 293 K (3.117 and 3.464 Å respectively at 100 K), closer than those reported 
for [Fe(dppL4)2][Ni(mnt)2]2.MeNO2 [22].   
3.3.2 [Fe(dppL2)2][Ni(mnt)2]2.2Me2CO 
[Fe(dppL2)2][Ni(mnt)2]2.2Me2CO crystallises in the triclinic space group P-1 with Z = 2, determined by 
SC-XRD at both 100 K and 293 K. All relevant crystallographic details are in Table 3.7. Each 
asymmetric unit contains one cationic iron (II) complex, two crystallographically independent 
[Ni(mnt)2]
- anions (Ni-1 and Ni-2) and two molecules of acetone. The iron (II) is coordinated to two 
tridentate ligands, in a distorted FeN6 octahedral geometry.  
The Fe-N bond lengths are shown in Table 3.3. The average bond lengths between iron and pyrazine-
N are 1.948 Å at 100 K and 1.964 Å at 293 K, compared to 2.030 Å at 100 K and 2.041 Å at 293 K for 
the average iron pyrazole-N bond lengths. Bond lengths of ca. 2.0 Å are between the typical values 
for LS (1.9 Å) and HS (2.1 Å) iron complexes, therefore comparisons were drawn from similar 
materials which have both magnetic and crystal data, such as [Fe(dppL2)2](BF4)2.0.5Me2CO.0.1H2O 
[14]. This crystal structure (measured at 150 K) has average bond lengths of 1.88 Å for iron 
pyrazine-N and 1.98 Å for iron pyrazole-N, with magnetic data confirming LS iron at 295 K 
(χMT < 0.02 cm
3 mol-1 K). This provides evidence that Fe-N bond lengths of ca. 2.0 Å are typical for 
this complex. This indicates iron in [Fe(dppL2)2][Ni(mnt)2]2.2Me2CO exists in the LS state at both 
100 K and 293 K. 
The iron in [Fe(dppL2)2][Ni(mnt)2]2.2Me2CO is a distorted octahedron. At 100 K the angles between 
the ligands trans to each other vary from 156.8° to 177.4°, and the angles between the ligands cis to 
each other vary from 77.8° to 104.8°. At 293 K the angles between the ligands trans to each other 
vary from 156.1° and 177.5°, and the angles between the ligands cis to each other vary from 77.2° to 
105.3°. At 100 K, Σ(90) is 101.6 and Σ(180) 48.5. At 293 K, Σ(90) is 105.6 and Σ(180) 50.3. ΔΣ(90) is 4.0 and 
ΔΣ(180) is 1.8. The iron complex is highly distorted, and the small change in distortion between 
temperatures confirms no SCO has occurred.  
The [Ni(mnt)2]
- anions have square planar structures with torsion angles of -1.84° (S1-C1-C2-S2), 
2.48° (S5-C5-C6-S6), 0.44° (S11-C11-C12-S12) and 0.24° (S15-C15-C16-S16) at 100 K, and -0.11° (S1-
C1-C2-S2), 1.18° (S5-C5-C6-S6), 1.03° (S11-C11-C12-S12) and -2.97° (S15-C15-C16-S16) at 293 K, (see 
Figure 3.3 for atom numbering scheme). The average coordination bond lengths are 2.149 Å at 100 K 
and 2.150 Å at 293 K (all Ni-S bond lengths are shown in Table 3.3), comparable to previously 
reported structures [22, 56].  
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The crystal structure of [Fe(dppL2)2][Ni(mnt)2]2.2Me2CO consists of alternating layers of 
[Fe(dppL2)2]
+ cations with solvent molecules, and [Ni(mnt)2]
- anions, shown in Figure 3.5. The solvent 
molecules fit around the iron complex, thus they do not appear in the 1D stacks of [Ni(mnt)2]
- units. 
There are many short contacts throughout the structure, between cations and solvent molecules, 
and cations and anions. Short contacts also arise between Ni units; at 100 K, short contacts exist 
between sulfur, carbon and nickels atoms. The only sulfur-sulfur contacts are between S1-S2 on 
adjacent Ni-1 moieties, with a distance of 3.488 Å. The structure at 293 K is very similar to that at 
100 K, however there are fewer short contacts between Ni units, the distance between S1-S2 for 
example has increased to 3.616 Å. The interplane distance between Ni-1 anions is 3.281 Å, closer 
than those reported for [Fe(dppL4)2][Ni(mnt)2]2.MeNO2 [22].  
Table 3.3 Coordination bond lengths in [Fe(dppL2)2][Ni(mnt)2]2.2Me2CO (see Figure 3.3 for atom numbering). 
Bond 100 K 293 K Bond 100 K 293 K 
 
Bond 100 K 293 K 
Fe1-N23 1.946(7) 1.962(7) Ni1-S1 2.142(2) 2.142(3) 
 
Ni2-S15 2.144(3) 2.149(3) 
Fe1-N43 1.950(7) 1.965(6) Ni1-S5 2.145(2) 2.147(3) 
 
Ni2-S11 2.147(2) 2.145(3) 
Fe1-N25 2.021(8) 2.021(7) Ni1-S6 2.151(2) 2.149(3) 
 
Ni2-S12 2.151(3) 2.152(3) 
Fe1-N45 2.025(7) 2.028(8) Ni1-S2 2.155(2) 2.153(3) 
 
Ni2-S16 2.158(2) 2.159(3) 
Fe1-N21 2.025(9) 2.048(8) 
    
 
  
Fe1-N41 2.049(7) 2.065(7) 
    
 
  
 
Figure 3.5 Crystallographic arrangement of [Fe(dppL2)2][Ni(mnt)2]2.2Me2CO at 100 K viewed along the 
crystallographic a axis. Cationic Fe complex in green, anionic [Ni(mnt)2]
-
-1 in blue, [Ni(mnt)2]
-
-2 in red and 
solvent molecules in pink.  
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3.3.3 [Fe(dppL2)2][Ni(mnt)2]2.MeNO2 
[Fe(dppL2)2][Ni(mnt)2]2.MeNO2 crystallises in the triclinic space group P-1 with Z = 2, determined by 
SC-XRD at both 100 K and 293 K. Table 3.7 contains relevant crystallographic details. Each 
asymmetric unit contains one cationic iron (II) complex, two crystallographically independent 
[Ni(mnt)2]
- anions and one molecule of nitromethane. The iron (II) is coordinated to two tridentate 
ligands, in a distorted FeN6 octahedral geometry.  
The Fe-N bond lengths are shown in Table 3.4. The average bond lengths between iron and 
pyrazine-N are 1.964 Å at 100 K and 2.049 Å at 293 K, compared to 2.063 Å at 100 K and 2.128 Å at 
293 K for the average iron pyrazole-N bond lengths. The average difference in Fe-N bond lengths 
between 293 and 100 K is 0.07 Å, indicating a partial transition may be occurring, despite the 
difference being lower than the expected 0.2 Å [10]. It was previously concluded (section 3.3.2) that 
2.0 Å is a typical value for Fe-N bond lengths in LS iron complexes of dppL2, supporting that iron 
exists in the LS state at 100 K. At 293 K the Fe-N bond lengths have increased to ca. 2.1 Å, typical of 
iron in the HS state.  
The iron in [Fe(dppL2)2][Ni(mnt)2]2.MeNO2 is a distorted octahedron. At 100 K the angles between 
the ligands trans to each other vary from 155.2° to 178.4°, and the angles between the ligands cis to 
each other vary from 77.7° to 103.6°. At 293 K the angles between the ligands trans to each other 
vary from 150.3° and 178.1°, and the angles between the ligands cis to each other vary from 75.0° to 
105.7°. At 100 K, Σ(90) is 109.2 and Σ(180) is 5.8. At 293 K, Σ(90) is 133.0 and Σ(180) is 61.1. ΔΣ(90) is 23.8 and 
ΔΣ(180) is 10.3. These changes in octahedral distortion also support the theory that this material 
undergoes a SCO (or partial SCO) transition between 100 and 293 K.  
The [Ni(mnt)2]
- anions have square planar structures with torsion angles of 0.20° (S1-C1-C2-S2), 1.37° 
(S5-C5-C6-S6), 0.34° (S11-C11-C12-S12) and 0.98° (S15-C15-C16-S16) at 100 K, and 0.50° (S1-C1-C2-
S2), -1.26° (S5-C5-C6-S6), -0.80° (S11-C11-C12-S12) and 0.33° (S15-C15-C16-S16) at 293 K. The 
average coordination bond lengths are 2.149 Å at 100 K and 2.147 Å at 293 K (all Ni-S bond lengths 
are shown in Table 3.4), comparable to previously reported structures [22, 56].  
The crystal structure of [Fe(dppL2)2][Ni(mnt)2]2.MeNO2 consists of layers of cationic iron complexes 
propagating in the crystallographic a axis, with Ni-2 dimers and solvent molecules separating the 
cationic layer in the crystallographic a axis, and Ni-1 dimers separating layers in the crystallographic 
b axis, shown in Figure 3.6a. Dimers form between symmetrically equivalent Ni moieties (i.e. Ni1-Ni1 
and Ni2-Ni2). There are no short contacts between Ni moieties, At 100 K, the shortest distance 
between sulfur atoms within Ni-1 dimers is 3.926 Å (S1-S6) and within Ni-2 dimers is 4.303 Å (S11-
S16). This is compared to S-S average distances of 8.764 Å between dimers. At 293 K, the shortest 
  Chapter 3     
70 
 
distances between sulfur atoms within dimers is 4.099 Å (S1-S6) and 4.385 Å (S11-S16), compared to 
an average S-S distance of 8.781 Å between dimers. 
Table 3.4 Relevant bond lengths in [Fe(dppL2)2][Ni(mnt)2]2.MeNO2 (see Figure 3.3 for atom numbering). 
Bond 100 K 293 K Bond 100 K 293 K Bond 100 K 293 K 
Fe1-N23 1.961(4) 2.047(5) Ni1-S1 2.153(1) 2.152(2) Ni2-S11 2.161(1) 2.155(2) 
Fe1-N43 1.967(4) 2.051(4) Ni1-S2 2.150(1) 2.150(2) Ni2-S12 2.146(1) 2.144(2) 
Fe1-N21 2.070(5) 2.136(7) Ni1-S5 2.141(1) 2.138(2) Ni2-S15 2.145(1) 2.140(2) 
Fe1-N45 2.051(4) 2.112(6) Ni1-S6 2.146(1) 2.146(2) Ni2-S16 2.151(1) 2.151(2) 
Fe1-N25 2.063(5) 2.134(7) 
      
Fe1-N41 2.066(4) 2.131(5) 
      
 
 
Figure 3.6 a) [Fe(dppL2)2][Ni(mnt)2]2.MeNO2 at 293 K viewed along the crystallographic c axis, and b) stacks 
of anionic [Ni(mnt)2] moieties. Cationic Fe complex in red, anionic [Ni(mnt)2]
-
-1 in green, [Ni(mnt)2]
-
-2 in blue 
and solvent molecules in pink.  
3.3.4 [Fe(dppL3)2][Ni(mnt)2]2 
[Fe(dppL3)2][Ni(mnt)2]2 crystallises in the monoclinic space group P21/c with Z = 4, determined by SC-
XRD at both 100 K and 293 K. Table 3.7 contains relevant crystallographic information. Each 
asymmetric unit contains one cationic iron (II) complex and two crystallographically independent 
[Ni(mnt)2]
- anions. The iron (II) is coordinated to two tridentate ligands, in a distorted FeN6 
octahedral geometry.  
The Fe-N bond lengths are shown in Table 3.5. The bond lengths between iron and pyridine-N 
average at 2.035 Å for both 100 K and 293 K, compared to 2.153 Å at 100 K and 2.151 Å at 293 K for 
the iron pyrazole-N bond lengths. These bond lengths are indicative of the HS state, at both 100 K 
and 293 K, and are comparable to those published for [Fe(dppL3)2](BF4)2.3MeNO2 when in the HS 
state [14].  
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The iron in [Fe(dppL3)2][Ni(mnt)2]2 is a distorted octahedron. At 100 K the angles between the 
ligands trans to each other vary from 157.0° to 177.3°, and the angles between the ligands cis to 
each other vary from 75.5° to 107.0°. At 293 K the angles between the ligands trans to each other 
vary from 150.7° and 177.7°, and the angles between the ligands cis to each other vary from 75.3° to 
106.8°. At 100 K, Σ(90) is 130.7 and Σ(180) is 60.0. At 293 K, Σ(90) is 132.0 and Σ(180) is 60.3. ΔΣ(90) is 1.4 and 
ΔΣ(180) is 0.3. The iron complex is highly distorted, and the small change in distortion between 
temperatures indicates no SCO has occurred. The octahedral distortion in [Fe(dppL3)2][Ni(mnt)2]2 is 
lower than that in [Fe(dppL3)2](BF4)2.3MeNO2 at 293 K, Σ(90) is 153.7 and Σ(180) is 74.1 [14].  
The [Ni(mnt)2]
- anions have square planar structures with torsion angles of -0.81° (S1-C1-C2-S2), 
2.22° (S5-C5-C6-S6), 0.31° (S11-C11-C12-S12) and 0.35° (S15-C15-C16-S16) at 100 K, and -0.38° 
(S1-C1-C2-S2), 1.15° (S5-C5-C6-S6), 0.49° (S11-C11-C12-S12) and 0.64° (S15-C15-C16-S16) at 293 K. 
The average coordination bond lengths are 2.156 Å at 100 K and 2.151 Å at 293 K (all Ni-S bond 
lengths are shown in Table 3.5), comparable to previously reported structures [22, 56].  
The [Ni(mnt)2]
- dimers are arranged in planes ca. 57° to each other. Ni dimers propagate to form 
layers, as seen in Figure 3.7. At 100 K, short contacts exist between carbons and hydrogens on the 
cation to nitrogen or sulfur (N5, N12, S11) on the anions. There are no short sulfur-sulfur contacts 
between Ni moieties. The only short contacts between dimers are between carbon and sulfur (C14-
S5). At 293 K, the only short contacts between dimers are between carbon and nitrogen (C2-N16).  
Table 3.5 Relevant bond lengths for [Fe(dppL3)2][Ni(mnt)2]2. 
Bond 100 K 293 K Bond 100 K 293 K Bond 100 K 293 K 
Fe1-
N23 
2.0338(14) 2.0324(16) 
Ni1-
S2 
2.1509(5) 2.1470(6) 
Ni2-
S12 
2.1516(5) 2.1471(7) 
Fe1-
N25 
2.0371(14) 2.0375(15) 
Ni1-
S1 
2.1553(5) 2.1506(7) 
Ni2-
S16 
2.1546(5) 2.1505(7) 
Fe1-
N43 
2.1301(14) 2.1356(18) 
Ni1-
S6 
2.1574(5) 2.1491(7) 
Ni2-
S11 
2.1604(5) 2.1575(7) 
Fe1-
N21 
2.1509(15) 2.148(2) 
Ni1-
S5 
2.1608(5) 2.1544(6) 
Ni2-
S15 
2.1604(5) 2.1552(7) 
Fe1-
N45 
2.1621(15) 2.159(2) 
      
Fe1-
N41 
2.1672(15) 2.163(2) 
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Figure 3.7 a) Crystallographic arrangement of [Fe(dppL3)2][Ni(mnt)2]2 along the crystallographic c axis, with 
Fe complexes in green and crystallographically independent [Ni(mnt)2]
-
 moieties in blue and red. 
3.3.5 [Fe(dppL2)2]TCNQ3.2MeCN 
 
Figure 3.8 Structure of [Fe(dppL2)2]TCNQ3.2MeCN with 50% thermal ellipsoids and atom numbering scheme. 
Solvents and hydrogen atoms have been omitted for clarity. 
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[Fe(dppL2)2]TCNQ3.2MeCN crystallises in the monoclinic space group C2/c with Z = 4, determined by 
SC-XRD at both 100 K and 293 K. Table 3.7 contains relevant crystallographic details. Each 
asymmetric unit contains half of the cationic iron (II) complex, 1.5 TCNQ- molecules and one 
acetonitrile molecule. The iron (II) is coordinated to two tridentate ligands, in a distorted FeN6 
octahedral geometry.  
The Fe-N bond lengths are shown in Table 3.6. The average bond lengths between iron and 
pyridine-N are 2.073 Å at 100 K and 2.140 Å at 293 K, compared to 2.137 Å at 100 K and 2.177 Å at 
293 K for the iron pyrazole-N bond lengths. The bond lengths at both 100 K and 293 K are longer 
than those in [Fe(dppL2)2][Ni(mnt)2]2.2Me2CO (section 3.3.2) which is in the LS state. Therefore it can 
be concluded that iron in [Fe(dppL2)2]TCNQ3.2MeCN at 293 K is in the HS state. The reduction in 
bond length (0.05 Å) at 100 K is smaller than expected for a complete SCO (0.2 Å [10]), therefore it 
could indicate a partial incomplete SCO. However this small reduction could also be explained by the 
lower temperature compressing the structure, or errors in the bond lengths due to the fairly high R2 
values (10.62% at 100 K).  
The iron in [Fe(dppL2)2]TCNQ3.2MeCN is a distorted octahedron. At 100 K the angles between the 
ligands trans to each other vary from 148.4° to 180.0°, and the angles between the ligands cis to 
each other vary from 74.2° to 105.8°. At 293 K the angles between the ligands trans to each other 
vary from 145.5° to 180.0°, and the angles between the ligands cis to each other vary from 72.8° to 
107.2°. The total octahedral distortion is shown in Table 3.6, with ΔΣ(90) and ΔΣ(180) calculated as 13.6 
and 5.5 respectively. ΔΣ for [Fe(dppL2)2]TCNQ3.2MeCN is not as large as expected for a complete 
SCO (ΔΣ(90) ≈ 60,  ΔΣ(180) ≈ 30  [14, 15]), therefore the small change can be ascribed to the 
temperature change. It is therefore concluded that [Fe(dppL2)2]TCNQ3.2MeCN is in the HS state at 
both 100 K and 293 K.  
[Fe(dppL2)2]TCNQ3.2MeCN contains two crystallographically independent TCNQ
- anions (TCNQ-A 
and TCNQ-B). TCNQ anions form stacks of ABA trimers. The 1:3 ratio of iron complex to TCNQ can be 
explained in two ways; either there is a 3+ charge across the iron complex, or there are partial (or 
non-equivalent) charges on the TCNQ anions which sum to 2-. It is hard to distinguish from the 
crystal structure whether iron (II) or iron (III) is present. The Kistenmacher equation (discussed in 
section 1.3.3) was therefore applied to determine the charge distribution across TCNQ ions [36]. The 
results are shown in Table 3.6. The total charge across the trimer is -2.61 (at 100 K), between the 
possible values of 2- and 3-. These values can be scaled either to 2- or 3-, both of which are 
reasonable, thus the Kistenmacher equation does not help explain the stoichiometry between the 
iron complex and TCNQ. This could be due to the high R factors of the crystal structure; therefore 
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there are large errors in the bond lengths, affecting the calculation. However it can be concluded 
that there is no change in charge distribution between 293 K to 100 K, indicating electron 
delocalisation is conserved between temperatures.  
Table 3.6 Fe-N bond lengths, octahedral distortion calculations around iron (II) and calculated charge (q) of 
TCNQ-A and TCNQ-B in [Fe(dppL2)2]TCNQ3.2MeCN. 
  
100 K 293 K 
 
100 K 293 K 
Bond lengths 
Fe1-N2 2.071(7) 2.146(4) Fe1-N8 2.148(6) 2.182(4) 
Fe1-N6 2.074(9) 2.134(4) Fe1-N4 2.126(4) 2.172(3) 
Fe1-N4 2.126(4) 2.172(3) Fe1-N8 2.148(6) 2.182(4) 
       
  
100 K 293 K ΔΣ 
  
Octahedral 
Distortion 
Σ(180) 63.1 68.6 5.5   
Σ(90) 157.4 171 13.6   
       
Calculated 
Charge 
q q (scaled to 2) q (scaled to 3) 
100 K 293 K 100 K 293 K 100 K 293 K 
TCNQ-A -0.81 -0.73 -0.62 -0.62 -0.93 -0.94 
TCNQ-B -0.99 -0.88 -0.76 -0.75 -1.14 -1.13 
TOTAL ABA -2.61 -2.34 -2.00 -2.00 -3.00 -3.00 
 
The crystal structure consists of layers of the cationic iron complex and the anionic TCNQ’s in the ab 
plane, which propagate along the crystallographic c axis, allowing the TCNQ anions to form a 1D 
stack, see Figure 3.9. The ligands on the iron are a suitable size and conveniently arranged as to not 
disrupt the TCNQ stacks. The TCNQ anions are trimerised in the formation ABA. At 100 K the average 
distance between aromatic carbons in TCNQ- ions within trimer are 3.671 Å (A-B and B-A), whereas 
the distance between trimers are 3.895 Å (A-A). At 293 K the average distance between aromatic 
carbons in TCNQ- ions within trimers are 3.737 Å (A-B and B-A), whereas the distance between 
trimers are 3.905 Å (A-A). There are many short contacts between carbon atoms in the 1D TCNQ- 
stack (short contacts are shown in Figure 3.17).  
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Figure 3.9 [Fe(dppL2)2]TCNQ3.2MeCN, a) stacking viewed along the crystallographic c axis, b) stack of TCNQ 
trimers (ABA) along the crystallographic c axis. Cationic Fe complex in green, TCNQ-A in blue, TCNQ-B in red 
and solvent molecules in pink. 
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Table 3.7 Crystal data and refinement details for the structural determination of [Fe(dppL1)2][Ni(mnt)2]2, [Fe(dppL2)2][Ni(mnt)2]2.2Me2CO, 
[Fe(dppL2)2][Ni(mnt)2]2.MeNO2, [Fe(dppL3)2][Ni(mnt)2]2 and [Fe(dppL2)2]TCNQ3.2MeCN at 100 K and 293 K. 
 
[Fe(dppL1)2] [Ni(mnt)2]2  
[Fe(dppL2)2] 
[Ni(mnt)2]2.2Me2CO 
[Fe(dppL2)2] 
[Ni(mnt)2]2.MeNO2 
[Fe(dppL3)2][Ni(mnt)2]2 [Fe(dppL2)2]TCNQ3.2MeCN 
Temperature 100 K 293 K 100 K 293 K 100 K 293 K 100 K 293 K 100 K 293 K 
Empirical 
formula 
C46H34FeN18Ni2S8 C50H44FeN20Ni2O2S8 C45H35FeN21Ni2O2S8 C36H16FeN20Ni2S8 C68H50N26Fe 
Formula weight 1268.66 1386.8 1331.71 1158.44 1287.16 
Crystal system Triclinic Triclinic Triclinic Monoclinic Monoclinic 
Space group P-1 P-1 P-1 P21/c C2/c 
a, (Å) 11.1520(8) 11.2483(8) 13.4168(11) 13.7303(9) 13.3643(6) 13.4983(8) 15.8649(11) 15.9371(11) 18.4247(13) 18.5453(13) 
b, (Å) 12.1583(9) 12.3302(9) 15.9060(9) 16.1276(7) 14.7900(6) 15.1017(10) 18.0336(13) 18.3136(13) 18.2755(14) 18.4974(12) 
c, (Å) 19.5039(14) 19.6656(14) 15.9506(11) 16.1671(9) 14.9875(8) 15.1633(9) 16.9475(11) 17.0530(11) 19.2233(13) 19.5950(13) 
α, (deg) 94.573(5) 93.613(5) 84.556(6) 84.199(4) 79.731(6) 79.756(6) 90 90 90 90 
β, (deg) 90.242(5) 89.334(5) 68.796(9) 67.959(6) 81.844(6) 81.882(6) 108.4470(10) 108.9790(10) 93.061(7) 92.682(7) 
γ, (deg) 92.946(5) 90.817(5) 70.176(8) 69.303(5) 69.962(5) 68.796(5) 90 90 90 90 
Volume (Å
3
) 2632.5(3) 2721.6(3) 2984.0(4) 3102.1(3) 2728.01(15) 2825.8(3) 4599.6(5) 4706.6(6) 6463.6(8) 6714.5(8) 
Z 2 2 2 2 2 2 4 4 4 4 
Density  
(Mg / m
3
) 
1.600 1.548 1.543 1.485 1.620 1.565 1.673 1.635 1.323 1.273 
Final R indices 
[F
2
 > 2σ(F
2
)] 
R = 0.0536, 
wR = 0.1132 
R = 0.0571, 
wR = 0.1290 
R = 0.0981, 
wR = 0.2209 
R = 0.1136, 
wR = 0.2389 
R = 0.0828 
wR = 0.0456 
R = 0.0772 
wR = 0.2128 
R = 0.0259, 
wR = 0.0698 
R = 0.0315, 
wR = 0.0837 
R = 0.1062 
wR = 0.2612 
R = 0.0805 
wR = 0.2149 
R indices (all 
data) 
R = 0.1026, 
wR = 0.1340 
R = 0.1264, 
wR = 0.1579 
R = 0.1989, 
wR = 0.2628 
R = 0.2532, 
wR = 0.2940 
R = 0.0748 
wR = 0.0438 
R = 0.1435,  
wR = 0.2523 
R = 0.0283, 
wR = 0.0713 
R = 0.0432, 
wR = 0.0898 
R = 0.1702, 
wR = 0.2914 
R = 0.1582, 
wR = 0.2466 
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3.4 SQUID Magnetisation Measurements 
3.4.1 Magnetisation Studies of Salts with dppL1 Ligands  
Magnetic susceptibility data for [Fe(dppL1)2](BF4)2, [Fe(dppL1)2][Ni(mnt)2]2 and 
[Fe(dppL1)2][Ni(dmit)2]2 can be found in Figure 3.10. [Fe(dppL1)2](BF4)2 exists in the LS state across 
the temperature range 2 – 300 K with  a χMT value close to 0 cm
3 K mol-1, as expected for LS iron (II), 
assuming g = 2. The small magnetic contribution (deviation from 0 cm3 K mol-1) is due to 
temperature-independent paramagnetism (χTIP). This was modelled using equation 1.5, and shown in 
Figure 3.11. The Curie constant (C) = 9.96x10-3 cm3 K mol-1, Weiss constant (θ) = -1.425 K, and χTIP = 
1.34x10-3 cm3 K mol-1 (R2 = 0.998). The data fits this equation better than Curie-Weiss law alone (R2 = 
0.558).  
0 50 100 150 200 250 300 350
0.0
0.5
1.0
1.5
2.0
0 50 100 150 200 250 300 350
0.0
0.5
1.0
1.5
2.0
X
M
T
 (
c
m
3
 K
 m
o
l-1
)
Temperature (K)
 X
M
T 2 to 300K
[Fe(dppL1)
2
](BF
4
)
2
X
M
T
 (
c
m
3
 K
 m
o
l-1
)
Temperature (K)
 X
M
T 2 to 345K
 X
M
T 350 to 250K
[Fe(dppL1)
2
][Ni(mnt)
2
]
2
 
0 50 100 150 200 250 300 350
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
Temperature (K)
X
M
T
 (
c
m
3
 K
 m
o
l-
1
)
 X
M
T 2 to 350K
 X
M
T 350 to 150K
[Fe(dppL1)
2
][Ni(dmit)
2
]
2
 
Figure 3.10 Magnetic susceptibility (χMT) plots for [Fe(dppL1)2](BF4)2 (top left), [Fe(dppL1)2][Ni(mnt)2]2 (top 
right) and [Fe(dppL1)2][Ni(dmit)2]2 (bottom). 
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Figure 3.11 Modelling of χTIP for [Fe(dppL1)2](BF4)2.  
The magnetic susceptibility of [Fe(dppL1)2][Ni(mnt)2]2 was measured whilst the sample was warmed 
from 2 to 345 K, and whilst cooling from 350 to 250 K. At 2 K χMT is 0.17 cm
3 K mol-1, indicating that 
iron (II) exists in the LS state, and antiferromagnetic coupling between Ni dimers results in almost 
zero contribution from the [Ni(mnt)2] complexes.  During warming up to 280 K the χMT gradually 
increases to 0.84 cm3 K mol-1, indicating iron (II) is still in the LS state and Ni dimers are no longer 
antiferromagnetically coupled resulting in a χMT contribution of 0.37 cm
3 K mol-1 for each Ni moiety 
(S = 1/2), assuming g = 2. At approximately 275 K, there is an upswing in the gradient, which could 
indicate the beginning of a gradual SCO. At 350 K χMT reaches 1.32 cm
3 K mol-1, which corresponds to 
18% of iron (II) in the HS state. The facility to measure magnetisation at higher temperatures was not 
available, therefore DSC was used as an alternative high temperature method (section 3.7).  
The magnetic susceptibility data for [Fe(dppL1)2][Ni(dmit)2]2 indicates gradual SCO with hysteresis. 
Magnetism was measured whilst warming the sample from 2 to 300 K, heating from 250 to 350 K, 
followed by cooling from 350 to 150 K.  Below 50 K the magnetic susceptibility rapidly decreases, 
which is most likely due to Zero Field Splitting (ZFS, section 1.2.2). Above 50 K, χMT gradually 
increases up to 3.63 cm3 K mol-1, close to the expected value of 3.74 cm3 K mol-1 for HS iron (II) and 
two nickel moieties, assuming g = 2. χMT is slightly lower than expected because the SCO doesn’t 
appear to be complete at 350 K. A hysteresis loop with a width of ca. 50 K is observed, although 
since the magnetisation did not saturate at the accessible temperatures, the hysteresis width may 
not be representative of the fully available value. 
3.4.2 Magnetisation Studies of Salts with dppL2 Ligands 
Magnetic susceptibility plots for [Fe(dppL2)2]TCNQ3.2MeCN, [Fe(dppL2)2][Ni(mnt)2]2 and 
[Fe(dppL2)2][Ni(dmit)2]2 are shown in Figure 3.12. [Fe(dppL2)2](BF4)2 was not measured as the salt 
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[Fe(dppL2)2](BF4)2.0.5Me2CO.0.1H2O had previously been reported to exist in the LS state at room 
temperature [14].  
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Figure 3.12 Magnetic susceptibility plots for [Fe(dppL2)2]TCNQ3.2MeCN (top left), [Fe(dppL2)2][Ni(dmit)2]2 
(top right) and [Fe(dppL2)2][Ni(mnt)2]2 (bottom). 
[Fe(dppL2)2]TCNQ3.2MeCN shows a steady increase in magnetic susceptibility between 10 and 
300 K. The sample moved relative to the magnet during the measurement at ca. 60 K, which resulted 
in a jump in values, therefore it is accepted that the following calculations and conclusions are not 
ideal. The sharp decrease in χMT below 10 K is evidence of ZFS. At 10 K, the χMT value is 
2.82 cm3 K mol-1, which increases to 9.18 cm3 K mol-1 at 300 K. These large values of χMT are not 
indicative of Fe (II) and three TCNQ anions (4.11 or 1.11 cm3 K mol-1 if Fe (II) exists in the HS or LS 
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state respectively, and g = 2). This indicates other factors are contributing to the magnetic 
susceptibility. Temperature Independent paramagnetism (χTIP) was modelled on χM data, to calculate 
a χTIP value of 0.01583 cm
3 K mol-1. This was subtracted from the experimental χM data, and the 
results are shown in Figure 3.13, where C is 3.22 cm3 K mol-1, and θ is -1.98 K. Literature sources note 
antiferromagnetic interactions between TCNQ dimers in 1D stacks [80], however in this case the 
small Weiss constant does not indicate strong pronounced antiferromagnetic coupling. This could be 
due to the formation of TCNQ trimers, and also the delocalised nature of electrons in TCNQ stacks as 
[Fe(dppL2)2]TCNQ3.2MeCN is an electrical conductor (section 3.5). The χMT values (after χTIP 
correction) range from 2.66 to 4.42 cm3 K mol-1 at 10 and 300 K respectively. It is difficult to 
comment on the trend in χMT due to the movement of the sample; partial SCO may be occurring, or 
the delocalised electrons are affecting the measurement, or the material exists in the HS state across 
the temperature range with a small amount of antiferromagnetic coupling.  
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Figure 3.13 [Fe(dppL2)2]TCNQ3.2MeCN: Temperature dependant magnetic susceptibility (χMT) plot with 
temperature versus χM and 1/χM in the inset, after χTIP correction. 
[Fe(dppL2)2][Ni(mnt)2]2 was measured during warming from 2 K to 300 K, followed by cooling from 
300 K to 50 K. Gradual SCO is observed between ca. 100 K and 300 K. At 100 K the χMT is 
1.15 cm3 K mol-1, slightly higher than the theoretical value of 0.75 cm3 K mol-1 expected for LS Fe (II) 
and two Ni moieties, assuming g = 2. This could indicate the material is not fully in the LS state. 
Below 50 K χMT starts to rapidly decrease, characteristic of ZFS. Above 100 K there is a gradual 
increase up to 300 K, where χMT measures 4.17 cm
3 K mol-1, close to the expected value of 
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3.75 cm3 K mol-1 for HS Fe (II) (assuming g = 2) and two Ni moieties. The curve is therefore expected 
to level off at a temperature close to 300 K.  
Magnetisation was measured of [Fe(dppL2)2][Ni(dmit)2]2 whilst the sample was warmed from 2 to 
300 K. Below 25 K a rapid decrease in χMT is characteristic of ZFS. A gradual increase in χMT is 
observed between 25 K and 300 K. This could be explained by gradual incomplete SCO; at 25 K, χMT 
is 1.518 cm3 K mol-1, higher than the theoretical value (0.74 cm3 K mol-1 assuming g = 2) for LS 
iron (II) and two Ni moieties, each contributing S = ½. At 300 K, χMT is 3.324 cm
3 K mol-1, lower than 
the theoretical value (3.74 cm3 K mol-1 assuming g = 2) for HS iron (II) and two Ni moieties. An 
alternative explanation for the gradual decrease in χMT could be antiferromagnetic coupling 
between Ni moieties at lower temperatures. The Curie-Weiss law fitted on to the plot of 1/ χM vs. 
temperature, to determine C = 3.271 cm3 K mol-1, and θ = -28.394. The negative Weiss constant 
supports the existence of antiferromagnetic coupling between Ni moieties.   
3.4.3 Magnetisation Studies of Salts with dppL3 Ligands 
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Figure 3.14 [Fe(dppL3)2][Ni(mnt)2]2: Temperature dependant magnetic susceptibility (χMT) plot with 
temperature versus χM and 1/χM in the inset, fitted (red line) using the Curie-Weiss law. 
Figure 3.14 shows the plots of χM, 1/χM and χMT versus temperature for [Fe(dppL3)2][Ni(mnt)2]2. The 
inset plots show [Fe(dppL3)2][Ni(mnt)2]2 is a Curie-Weiss paramagnet with a Curie constant of 
4.316 cm3 K mol-1 and a Weiss constant of -13.936 K (R2 = 0.997). The χMT plot indicates iron (II) is in 
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the HS state between 30 and 300 K with a χMT value of ca. 3.5 – 4.2 cm
3 K mol-1, as expected for HS 
iron (II) with two Ni moieties assuming g = 2. ZFS is seen below 30 K.  
3.4.4 Magnetisation Studies of Salts with dppL4 Ligands 
Temperature dependent magnetic susceptibility plots for [Fe(dppL4)2][Ni(dmit)2]3 and 
[Fe(dppL4)2][Ni(dmit)2]4 are shown in Figure 3.15. The 1:3 and 1:4 ratio of [Fe(dppL4)2] to [Ni(dmit)2] 
were calculated from elemental analysis (section 2.4.2.5). Both materials show a SCO-like transition, 
however in both cases the χMT values are higher than expected. The theoretical values (assuming 
g = 2) for HS/LS iron (II) and three Ni S = ½ moieties are 4.11 or 1.11 cm3 K mol-1 respectively, and for 
HS/LS iron (II) and four Ni S = ½ moieties are 4.48 or 1.48 cm3 K mol-1 respectively. For 
[Fe(dppL4)2][Ni(dmit)2]3, χMT is 6.805 cm
3 K mol-1 at 300 K and 3.652 cm3 K mol-1 at 100 K. For 
[Fe(dppL4)2][Ni(dmit)2]4, χMT is 5.966 cm
3 K mol-1 at 300 K and 2.422 cm3 K mol-1 at 100 K. This could 
be due to incorrect interpretation of the elemental analyses, either the stoichiometry or the 
presence of impurities, which would explain why the χMT values are higher than expected. The 
change in χMT between 100 and 300 K is 3.153 cm
3 K mol-1 and 3.544 cm3 K mol-1 for 
[Fe(dppL4)2][Ni(dmit)2]3 and [Fe(dppL4)2][Ni(dmit)2]4 respectively, indicative of a complete SCO 
transition in iron (II). Without structural information it is difficult to draw a conclusion; however it 
can be said that these materials do show characteristic features of a SCO transition.  
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Figure 3.15 Temperature dependent magnetic susceptibility plots for [Fe(dppL4)2][Ni(dmit)2]3 (left) and 
[Fe(dppL4)2][Ni(dmit)2]4 (right). 
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3.5 Conductivity Measurements 
Temperature dependent electrical resistance (2 contact method) was successfully measured on a 
single crystal of [Fe(dppL2)2]TCNQ3.2MeCN, see Figure 3.16. Resistance values were normalized by 
the distance between the electrodes. The resistance increased with decreasing temperature, in line 
with typical semiconductor behaviour. The conductivity at 295 K measures 9.8x10-10 S cm-1 compared 
to 4.5x10-13 S cm-1 at 107 K. The band gap, calculated from an average of the gradients for the 
heating and cooling modes, was 0.170 eV, with corresponding average activation energy of 
85.08 kJ mol-1.  The crystal structure of [Fe(dppL2)2]TCNQ3.2MeCN shows short contacts between 
stacked TCNQ molecules, creating a 1D conducting pathway (see Figure 3.17).   
Variable temperature resistance (2 contact method) could not be measured on other crystals due to 
size restrictions when attaching electrodes. The resistance measured on pressed pellets of ground 
non-crystalline products ([Fe(dppL1)2][Ni(mnt)2]2 and [Fe(dppL2)2][Ni(mnt)2]2) was > 1 GΩ. The high 
resistance measurements could be due to the typical anisotropic nature of these types of 
conductors.  Typically these classes of conductors are 1D in nature. Therefore, when measuring 
compressed pellets the result is an average of the conducting direction and two highly resistive 
directions.  
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Figure 3.16 Variable temperature normalised resistance (left) and natural log of normalised resistance (right) 
for [Fe(dppL2)2]TCNQ3.2MeCN crystal whilst cooling (blue square) and heating (red open circle).  
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Figure 3.17 Short contacts (light blue dotted lines) between anions in 1D TCNQ stacks in 
[Fe(dppL2)2]TCNQ3.2MeCN.  
3.6 Mössbauer Spectroscopy  
The Mössbauer spectra for [Fe(dppL2)2][Ni(mnt)2]2 at 300 K, 200 K and 100 K are shown in Figure 
3.18. This (unpublished) result was measured on a previously prepared sample, not by the author, 
but is included here for comparison to the structural and magnetic data. At 300 K the material is 
predominantly (83%) in the HS state, shown by the green quadrupole doublet with an isomer shift of 
δ = 0.98 mm s-1 and a quadrupole splitting of ΔEQ = 1.78 mm s
-1. At 200 K there is a mix of LS and HS 
(ratio ca. 1:1). The green quadrupole doublet has an isomer shift of δ = 1.01 mm s-1 and a 
quadrupole splitting of ΔEQ = 2.05 mm s
-1, typical of HS Iron (II). The blue quadrupole doublet has an 
isomer shift of δ = 0.39 mm s-1 and a quadrupole splitting of ΔEQ = 0.63 mm s
-1, typical of LS Iron (II). 
At 100 K the material is predominantly in the LS state, with only a very small contribution (1.8%) 
from the HS state. The blue quadrupole doublet has an isomer shift of δ = 0.40 mm s-1 and a 
quadrupole splitting of ΔEQ = 0.64 mm s
-1. 
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Figure 3.18 Mössbauer spectra of [Fe(dppL2)2][Ni(mnt)2]2 at 300 K (left), 200 K and 100 K (right). Green 
represents HS, blue LS and red the sum contribution. [UNPUBLISHED RESULTS] 
The Mössbauer spectra of [Fe(dppL1)2][Ni(dmit)2]2 at selected temperatures (298 K, 80 K and 313 K) 
are shown in Figure 3.19 and derived parameters for all temperatures measured are shown in Table 
3.8. At 298 K, a doublet is observed with δ = 0.32 mm s-1 and ΔEQ = 0.71 mm s
-1. This isomer shift and 
quadrupole splitting is indicative of either iron (II) in the LS state [25] or iron (III) in the HS state [6]. 
Considering [Fe(dppL1)2][Ni(dmit)2]2 was synthesised from an iron (II) complex, and the elemental 
analysis is agreeable for a 1:2 ratio of iron complex to [Ni(dmit)2] anion, the Mössbauer spectrum is 
thought to represent iron (II) in the LS state. Mössbauer spectra were measured at 298 K, 150 K (↓), 
80 K, 150 K (↑) and 313 K. At all temperatures, the isomer shift and quadrupole splitting remain 
unchanged, indicating no transition is occurring, and iron (II) exists in the LS state between 80 K and 
313 K.  
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Figure 3.19 Mössbauer spectra of [Fe(dppL1)2][Ni(dmit)2]2 at 298 K, 80 K and 313 K.  
Table 3.8 Mössbauer parameters for [Fe(dppL1)2][Ni(dmit)2]2 at all temperatures in chronological order.  
Temperature (K) Isomer shift (mm s-1) Quadrupole split (mm s-1) % 
298 0.32 0.71 100 
150 0.38 0.69 100 
80 0.38 0.69 100 
150 0.38 0.70 100 
313 0.31 0.71 100 
 
3.7 Differential Scanning Calorimetry 
The following samples were analysed by DSC, with the temperature range used in parenthesis: 
[Fe(dppL1)2](BF4)2 (183 to 473 K), [Fe(dppL2)2](BF4)2 (173 to 373 K), [Fe(dppL3)2](BF4)2 (173 to 303 K), 
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[Fe(dppL4)2](BF4)2 (173 to 303 K), [Fe(dppL1)2][Ni(mnt)2]2 (173 to 373 K), [Fe(dppL2)2][Ni(mnt)2]2 (173 
to 523 K), [Fe(dppL3)2][Ni(mnt)2]2 (173 to 303 K), [Fe(dppL1)2][Ni(dmit)2]2 (173 to 303 K), 
[Fe(dppL2)2][Ni(dmit)2]2 (173 to 303 K), [Fe(dppL3)2][Ni(dmit)2]2 (173 to 303 K) and 
[Fe(dppL4)2][Ni(dmit)2]3 (173 to 423 K).  
The DSC curves for [Fe(dppL3)2](BF4)2 and [Fe(dppL4)2](BF4)2 are shown in Figure 3.20, where peaks 
indicate an abrupt hysteretic transition. [Fe(dppL3)2](BF4)2 showed peaks at 227.23 K (Tc↑) and 
220.85 K (Tc↓), with enthalpies of 13.27 and 13.85 kJ mol
-1 respectively. [Fe(dppL4)2](BF4)2 showed 
peaks at 263.35 K (Tc↑) and 257.53 K (Tc↓), with enthalpies of 18.05 and 18.30 kJ mol
-1 respectively. 
These are comparable to SCO reported in the literature for these materials [13, 14]. 
[Fe(dppL1)2](BF4)2 and [Fe(dppL2)2](BF4)2 were measured up to 473 K and 373 K respectively, 
however no peaks were observed.  
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Figure 3.20 DSC curves for [Fe(dppL3)2](BF4)2 and [Fe(dppL4)2](BF4)2 between the 180 K and 300 K, with 
arrows showing direction of temperature cycle.  
No distinctive peaks are observed in the DSC curves of [Fe(dppLX)2][Ni(mnt)2]2 (where X = 1 - 3). For 
[Fe(dppL1)2][Ni(mnt)2]2 and [Fe(dppL2)2][Ni(mnt)2]2 there are small bumps, around 407 K and 419 K 
for the former and 369 K for the latter, shown in Figure 3.21. This is similar for the DSC curves of 
[Fe(dppLX)2][Ni(dmit)2]n (where X = 1 – 4 and n = 2 or 3). [Fe(dppL1)2][Ni(dmit)2]2 and 
[Fe(dppL4)2][Ni(dmit)2]3 have small bumps upon heating, at 233 K and 205 K respectively, also shown 
in Figure 3.21. These small bumps indicate thermodynamic changes in the material, which could 
indicate structural transitions, however it is difficult to draw conclusions from DSC alone.  
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Figure 3.21 DSC curves for [Fe(dppL1)2][Ni(mnt)2]2, [Fe(dppL2)2][Ni(mnt)2]2, [Fe(dppL1)2][Ni(dmit)2]2 and 
[Fe(dppL4)2][Ni(dmit)2]3, with arrows showing direction of temperature cycle. 
3.8 Discussion 
3.8.1 Challenges in Synthesis  
The synthesis of TCNQ salts of dpp complexes was challenging. Numerous reactions resulted in 
either the precipitation of the unreacted starting materials, or the precipitation of neutral TCNQ. 
Disproportionation of TCNQ- is common [47]. Reactions of [Fe(dppL1)2](BF4)2 and Li.TCNQ or 
Bu4N.TCNQ in acetonitrile gave very low product yields, insufficient for any characterisation. 
Reactions in methanol gave higher yields of [Fe(dppL1)2]TCNQ2 (8 – 80%), however elemental 
analysis results were inconsistent, and therefore product purity is questionable. Crystals of 
[Fe(dppL2)2]TCNQ3.2MeCN were obtained from a solution of [Fe(dppL2)2](BF4)2 and Bu4N.TCNQ in 
acetonitrile, stored at -20°C. However upon repeating this procedure only powders were obtained. 
Elemental analysis of powders obtained from both Li.TCNQ or Bu4N.TCNQ in methanol indicated the 
presence of impurities. The synthesis of [Fe(dppL3)2]TCNQ2 was attempted with both Li.TCNQ and 
Bu4N.TCNQ in acetonitrile. Methanol was not used as the dissolution of [Fe(dppL3)2](BF4)2 in 
methanol yielded a white precipitate, suggesting that [Fe(dppL3)2](BF4)2 hydrolyses in methanol and 
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the ligand precipitates out of the solution. A product was gained when Bu4N.TCNQ was mixed with 
[Fe(dppL3)2](BF4)2 in acetonitrile; however the elemental analyses indicate the presence of 
impurities which are not carbon, hydrogen or nitrogen. No reaction occurred when 
[Fe(dppL4)2](BF4)2 and either Li.TCNQ or Bu4N.TCNQ were mixed together, in either methanol or 
acetonitrile. When a precipitate was obtained it was neutral TCNQ, therefore [Fe(dppL4)2]TCNQ2 has 
not yet been synthesised. Due to such inconsistent results and elemental analyses, the only TCNQ 
salt which went on for further analysis were the [Fe(dppL2)2]TCNQ3.2MeCN crystals (SC-XRD and 
SQUID).  
In contrast, [Fe(dppLX)2][Ni(mnt)2]2 (where X = 1 - 3) salts were synthesised with high yields (60 -
 88%) with agreeable elemental analyses and IR spectra. Recrystallisation in acetonitrile (dppL1 and 
dppL3) or acetone or nitromethane (dppL2) yielded single crystals of a suitable quality for structural 
analysis. Similarly, [Fe(dppLX)2][Ni(dmit)2]2 (where X = 1 - 3) salts were synthesised with high yields 
(68 - 80%) with agreeable elemental analyses and IR spectra. However the synthesis of 
[Fe(dppL4)2][Ni(dmit)2]2 was not so straightforward. Mixing a 1:2 ratio of [Fe(dppL4)2](BF4)2 and 
Bu4N.[Ni(dmit)2] gave a product with an elemental analysis more consistent with 
[Fe(dppL4)2][Ni(dmit)2]3. This synthesis was repeated with a 1:3 ratio of starting materials, and 
resulted in a product with an elemental analysis consistent with [Fe(dppL4)2][Ni(dmit)2]4. All 
recrystallisation attempts with [Ni(dmit)2] salts were thus far unsuccessful in yielding single crystals.  
3.8.2 Tetrafluoroborate Salts 
[Fe(dppL3)2](BF4)2 and [Fe(dppL4)2](BF4)2 are yellow in colour at room temperature (HS state). At low 
temperatures SCO occurs, with an observable colour change to darker brown (LS state), which is 
reversible upon warming. This is supported by both DSC data, which shows behaviour indicative of 
SCO at temperatures below room temperature for [Fe(dppL3)2](BF4)2 and [Fe(dppL4)2](BF4)2, and 
previous publications [14, 37]. This shows that when the anion is kept constant (BF4), simply 
changing the pyrazine to a pyridine shifts the SCO by approximately +37 K. This could be explained 
by CFT; the more electron deficient pyrazine ring weakens the ligand field strength and stabilises the 
HS state [13]. [Fe(dppL1)2](BF4)2 and [Fe(dppL2)2](BF4)2 are orange/brown at room temperature, 
indicating they exist in the LS state. This is supported by both DSC data, which shows no transitions, 
and previous publications [13, 14]. The addition of methyl groups onto the pyrazole rings of either 
the pyridine or pyrazine ligand changes the material to exist in the LS state at room temperature. 
Methyl groups act as electron donators into the pyrazole ring, which favours the LS state. No peaks 
are seen in the DSC curves at higher temperatures for [Fe(dppL1)2](BF4)2 or [Fe(dppL2)2](BF4)2, 
suggesting that the addition of bulky methyl groups forces the LS state by disfavouring the longer Fe-
N bond lengths required for HS state, thus inhibiting SCO completely [13].  
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3.8.3 TCNQ Salts 
A very small number of needle crystals of [Fe(dppL2)2]TCNQ3.2MeCN were obtained, sufficient for 
SC-XRD and SQUID analyses. The bond lengths observed in the crystal structure indicate the material 
exists in the HS state at both 100 K and 293 K. The 1:3 ratio of iron complex to TCNQ could either be 
explained by partial or non-equivalent charges on the TCNQ anions, or iron has been oxidised during 
the synthesis procedure to iron (III). Application of the Kistenmacher equation did not aid conclusion 
on this matter. Movement of the sample during SQUID measurements and higher than expected χMT 
values (for iron (II) or iron (III)) meant magnetic data was also inconclusive. Variable temperature 
resistance could only be measured on one crystal of a suitable size. Typical semiconductor behaviour 
was observed, as expected from the 1D TCNQ- stack seen in the crystal structure [36]. Changing the 
anion from BF4 to TCNQ changes the spin state from LS to HS at room temperature.  
3.8.4 [Ni(mnt)2]- Salts 
Changing the anion from BF4 to [Ni(mnt)2] causes further changes in the SCO behaviour. Nihei et al. 
showed that [Fe(dppL4)2][Ni(mnt)2]2.MeNO2 underwent multi-step SCO, from HS at 270 K to LS at 
170 K [22]. This is contrasting to [Fe(dppL3)2][Ni(mnt)2]2, where magnetic data showed the material 
to be HS between 2 and 300 K. The same conclusion was drawn from DSC data and the crystal 
structure, with the longer Fe-N bond lengths and high level of octahedral distortion. Therefore with 
[Ni(mnt)2] anions, changing the pyridine group to pyrazine appears to have a larger effect on the SCO 
behaviour compared to the BF4 anion. In addition to the weaker ligand field strength of dppL3 
compared to dppL4 favouring the HS state, the structures can also be compared. The correlation 
between Jahn-Teller distortion and propensity for the HS state (discussed in section 3.1, Figure 3.1) 
has been investigated for the crystal structures reported in this chapter. The Jahn-Teller distortion (θ 
and φ) of each [Ni(mnt)2] salt is reported in Table 3.9. The values of θ and φ for 
[Fe(dppL3)2][Ni(mnt)2]2 are 80.07° and 177.68° respectively, compared to 80.61° and 177.89° 
respectively for [Fe(dppL4)2][Ni(mnt)2]2.MeNO2, which does undergo SCO [22]. These values are very 
similar, thus [Fe(dppL3)2][Ni(mnt)2]2 does not fit the correlation between Jahn-Teller distortion and 
being fixed in the HS state. The solvents present in [Fe(dppL4)2][Ni(mnt)2]2.MeNO2 may be having an 
effect on the SCO behaviour and cooperativity throughout the material.  
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Table 3.9 Jahn-Teller (θ and φ) and octahedral distortion (Σ) for all crystals structures in this section at 293 K, 
compared to spin state. 
Salt θ (°) φ (°) Σ90 Σ180 Spin state 
[Fe(dppL1)2][Ni(mnt)2]2 81.78 178.02 86.6 41.0 LS up to 300 K 
[Fe(dppL2)2][Ni(mnt)2]2.2Me2CO 83.75 177.51 105.6 50.3 LS up to 300 K 
[Fe(dppL2)2][Ni(mnt)2]2.MeNO2 86.76 178.11 133.0 61.1 SCO 
[Fe(dppL3)2][Ni(mnt)2]2 80.07 177.68 132.0 60.3 HS 
[Fe(dppL2)2]TCNQ3.2MeCN 81.99 180.00 171.0 68.6 HS 
 
Magnetic data for [Fe(dppL1)2][Ni(mnt)2]2 revealed potential SCO starting at 275 K. Fe-N bond 
lengths from structural data indicate the material is still essentially in the LS state at 293 K. DSC does 
not show any significant peaks, but anomalies do occur at 419 K (Tc↑) and 406 K (Tc↓), which could 
indicate the end of the gradual SCO. The absence of significant peaks in DSC measurements of 
samples which have been shown to undergo gradual SCO transitions from magnetic measurements 
has frequently been observed throughout this research. This is likely due to the gradual nature of 
the transitions. A further limitation of the DSC instrument is the minimum temperature of 173 K, 
which is not low enough to observe SCO transitions in many materials. Magnetic data for 
[Fe(dppL2)2][Ni(mnt)2]2 showed gradual SCO between 100 and 300 K. DSC measurements didn’t 
show any peaks, this could be due to the gradual nature of the transitions, and the transition begins 
at a temperature below the range of the DSC instrument (173 K). The SCO transition observed in the 
magnetic data was contradicted by crystal structure of [Fe(dppL2)2][Ni(mnt)2]2.2Me2CO, where Fe-N 
bond lengths indicated iron adopted the LS state at both 100 and 293 K. This is likely due to solvent 
effects; magnetism was measured on a powder, for which elemental analysis indicates no solvents 
are present. This highlights the importance of solvent effects to SCO behaviour. Further 
recrystallisation attempts in nitromethane yielded a small number of crystals suitable for SC-XRD, 
but an insufficient volume for SQUID magnetisation measurements. The change in bond lengths and 
octahedral distortion in the crystal structure of [Fe(dppL2)2][Ni(mnt)2]2.MeNO2 between 100 K and 
298 K indicate SCO (or partial SCO) is occurring.  
Therefore with [Ni(mnt)2] anions, the addition of methyl groups has a large effect on SCO behaviour. 
[Fe(dppL4)2][Ni(mnt)2]2.MeNO2 shows complete SCO between 170 and 270 K [22], whereas 
[Fe(dppL1)2][Ni(mnt)2]2 shows potential gradual SCO starting at 275 K. [Fe(dppL3)2][Ni(mnt)2]2 was 
found to be HS between 2 and 300 K, whereas [Fe(dppL2)2][Ni(mnt)2]2 shows gradual SCO between 
100 and 300 K. It has previously been reported [81] that the addition of bulky groups hinders SCO 
due to additional steric hindrance around the central metal ion, and this was seen for BF4 salts. 
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However in the [Ni(mnt)2]
- salts, the opposite effect seems to be occurring. This could be due to the 
packing of cations and anions (and solvents) in the crystal structure. For example the ligands in 
[Fe(dppL1)2][Ni(mnt)2]2 are of a suitable size that the iron complexes are arranged in layers with 
short contacts between units. The packing in [Fe(dppL2)2][Ni(mnt)2]2.MeNO2 shows the arrangement 
of the solvent molecules surrounding the iron complex, which could hinder SCO, compared to 
[Fe(dppL2)2][Ni(mnt)2]2.MeNO2 where the solvent molecules surround [Ni(mnt)2]
- anions. 
Despite SCO being observed in [Fe(dppL2)2][Ni(mnt)2]2 (powder) and possibly in 
[Fe(dppL1)2][Ni(mnt)2]2 above 300 K, no distinctive peaks are observed in the DSC curves. This could 
be due to the gradual nature of the SCO, which suggests that DSC is not an appropriate method for 
identifying gradual SCO. There are some small bumps observed in the curves indicating 
thermodynamic changes in the material, which could correspond to structural transitions. A further 
limitation of DSC is the minimum temperature of the instrument is 173 K, above the temperature 
many SCO transitions occur.  
3.8.5 [Ni(dmit)2] salts 
Magnetism data for [Fe(dppL1)2][Ni(dmit)2]2 shows hysteretic SCO around 300 K, with a width of ca. 
50 K. However variable temperature Mössbauer spectra showed a doublet with the same isomer 
shift and quadrupole splitting regardless of temperature, therefore no transition was observed. DSC 
curves do not show any obvious peaks, possibly due to the gradual nature of the SCO transition. 
Unfortunately single crystals have not yet been obtained therefore structural analysis is unavailable. 
The conflicting SQUID and Mössbauer results must therefore be attributed to different batches of 
sample, despite the straightforward synthesis route, and further repeats must be completed to draw 
a conclusion. The DSC curves for [Fe(dppL2)2][Ni(dmit)2]2 also show no peaks, and the magnetic data 
is not indicative of SCO. The temperature-dependent magnetic susceptibility results for 
[Fe(dppL4)2][Ni(dmit)2]3  and [Fe(dppL4)2][Ni(dmit)2]4 both show a SCO-like transition. Distinctive 
peaks are again not observed in DSC curves for [Fe(dppL4)2][Ni(dmit)2]3, which could be for two 
reasons; firstly the transitions are too gradual, and secondly the transition begins at ca. 100 K, which 
is below the temperature-range of the DSC instrument.  
3.9 Conclusion  
In this section novel salts of iron (II) complexes with four ligands (dppLX where X = 1 - 4) have been 
synthesised with a range of anions; TCNQ- (dppL2 only), [Ni(mnt)2]
- (dppL1 - dppL3) and [Ni(dmit)2]
- 
(dppL1, dppL2 and dppL4). A summary of the materials in this chapter and their spin state is shown 
in Table 3.10. A range of behaviours has been observed, from hysteretic SCO to remaining in the HS 
state, and the importance of solvents on SCO behaviour has been highlighted.  
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Table 3.10 Summary of SCO behaviour of iron (II) salts with ligands dppL1 to dppL4. A dash indicates 
unmeasured. 
Ligand BF4 TCNQ [Ni(mnt)2] [Ni(dmit)2] 
dppL1 LS (2-300 K) [13] - Gradual SCO starting at 275 K 
Hysteretic SCO around 
300 K 
dppL2 LS (2-300 K) [14] HS 
Powder: Gradual SCO between 
100 and 300 K 
Crystal with acetone solvent: LS 
(100-293 K) 
Crystal with nitromethane 
solvent: SCO 
Mix of HS and LS 
dppL3 SCO (224 K) [14] - HS (2-300 K) - 
dppL4 SCO (260 K) [37] - 
Stepwise SCO with three 
intermediate phases [22] 
Gradual SCO 
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4.1 Introduction 
Iron (III) complexes with ligands based on triethylenetetramine and substituted salicylaldehydes 
(X-sal2-trien) have been investigated with regards to SCO since 1976. Tweedle and Wilson 
synthesised various substituted sal2-trien ligands and different counterions, in the form 
[Fe(X-sal2-trien)]Y, where X  = H, NO2 and OMe, and Y = PF6
-, NO3
-, BPh4
-, I- and Cl- [73]. Other 
investigations looking at the effect of ligand substitution and counterion on SCO behaviour include 
Nishida et al., who explored SCO behaviour of [Fe(sal2-trien)]
+ complexes with the following three 
counterions; Br.2H2O, BPh4 or PF6 [82] and Jaiswal et al., who observed SCO behaviour in  
[Fe(3,5-diClsal2-trien)]
+ complexes with counterions including NO3
-, PF6
- and ClO4
- [83]. The structure 
of the monocationic complex [FeIII(sal2-trien)] with an N4O2 coordination sphere is shown in Figure 
4.1.  
 
Figure 4.1 [Fe(X-sal2-trien)] with atom numbering scheme referred to in later sections. 
[Fe(sal2-trien)]
+ complexes have also been used in the synthesis of multifunctional materials, for 
example by insertion into oxalate networks to combine long-range molecular magnetism with SCO 
functionality [58, 59]. Dorbes et al. combined [Fe(sal2-trien)] cations with [Ni(dmit)2] anions to 
synthesise an electrically conducting SCO switch. [Fe(sal2-trien)][Ni(dmit)2] is a semiconductor which 
exhibits SCO between 228 and 258 K [15]. Further experiments with electrocrystallisation yielded 
different stoichiometries of the same components, however analysis of the bulk product, 
[Fe(sal2-trien)][Ni(dmit)2]3, revealed semiconductor behaviour was maintained, but SCO behaviour 
was not, with iron remaining in the HS state regardless of temperature [84]. 
4.2 Synthesis and Characterisation  
The preparation of [Fe(X-sal2-trien)]NO3 salts, where X = H, 5-Br (bromo), 5-Cl (chloro), 4-dea 
(4-diethylamino) and 3-OMe-5-NO2 (3-methoxy-5-nitro) followed the procedure outlined by Tweedle 
et al. [73], and are described in section 2.4.3.1. These salicylaldehyde derivatives were chosen as 
they represent a variety of electron withdrawing (Br, Cl, NO2) and electron donating (OMe, dea) 
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groups to the benzene ring on the salicylaldehyde, thus there was potential to compare the effect, if 
any, on SCO behaviour. The nitrate anion was chosen as it was already present in the reaction 
mixture (starting material: iron (III) nitrate nonahydrate), and it yields salts which are soluble in a 
range of solvents. These nitrate salts were then used in metathesis reactions with Li.TCNQ, 
Bu4N[Ni(mnt)2] and Bu4N[Ni(dmit)2] (sections 2.4.3.2 - 2.4.3.4). Metathesis reactions were tried using 
a range of solvents and techniques, many were unsuccessful and these are discussed further in 
section 4.6.1. Fortunately, infra-red (IR) spectroscopy provides a quick preliminary method for 
determining if TCNQ-, [Ni(mnt)2]
- and [Ni(dmit)2]
-are present in the sample. TCNQ- has two distinctive 
peaks around 2190 and 2165 cm-1 [47], [Ni(mnt)2]
- has a distinctive peak around 2205 cm-1 [77], and 
[Ni(dmit)2]
- has peaks at ca. 1480, 1340 and 1045 cm-1 [78, 79]. Peaks between 2960-2860 cm-1 
indicate the presence of Bu4N, thus show if unreacted starting material has precipitated out of the 
reaction mixture. Elemental analysis was also used to confirm the nature of the product and where 
possible, the stoichiometry. Ligands were synthesized in situ, therefore no analysis was conducted 
on the isolated ligands.  
4.3 Description of Crystal Structures 
4.3.1 [Fe(X-sal2-trien)]NO3 (X = Br, Cl) 
The novel structures of [Fe(5-Brsal2-trien)]NO3 and [Fe(5-Clsal2-trien)]NO3 at 298 K (and at 150 K for 
the latter) are described herein. Both [Fe(5-Brsal2-trien)]NO3 and [Fe(5-Clsal2-trien)]NO3 crystallise in 
the monoclinic space group Cc. Table 4.3 contains relevant information on the structural 
determination of both, with the asymmetric unit at 298 K in Figure 4.2. Each asymmetric unit 
contains one cationic iron (III) complex and one nitrate anion. The iron (III) is coordinated to a 
hexadentate ligand in a FeN4O2 octahedral geometry.  
The coordination bond lengths (Fe-N and Fe-O) are shown in Table 4.1, using the atom numbering 
scheme outlined above in Figure 4.1. The Fe-N bond lengths in all structures are ca. 2.1 Å, which 
indicates iron exists in the HS state. The geometry around the central iron is distorted; the deviations 
(Σ) from 90° and 180° (see section 1.2.1) for each structure are outlined in Table 4.1. The minimal 
change in distortion between 150 K and 298 K in the case of [Fe(5-Clsal2-trien)]NO3 again indicates 
no SCO is occurring.  
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Figure 4.2 Molecular structure of [Fe(5-Clsal2-trien)]NO3 (left) and [Fe(5-Brsal2-trien)]NO3 (right), with 50% 
thermal ellipsoids. Hydrogen atoms have been omitted for clarity. 
Table 4.1 Bond lengths and octahedral distortion in [Fe(5-Brsal2-trien)]NO3 and [Fe(5-Clsal2-trien)]NO3, with 
atom numbering schemes shown in Figure 4.1. 
Bond Lengths 
[Fe(5-Clsal2-trien)]NO3  [Fe(5-Brsal2-trien)]NO3 
150 K 298 K  298 K 
Fe-N1 2.108(4) Fe-N1 2.103(4)  Fe-N1 2.12(1) 
Fe-N2 2.176(5) Fe-N2 2.182(4)  Fe-N2 2.17(1) 
Fe-N3 2.185(4) Fe-N3 2.176(4)  Fe-N3 2.2(1) 
Fe-N4 2.105(4) Fe-N4 2.110(4)  Fe-N4 2.12(1) 
Fe-O5 1.921(3) Fe-O5 1.906(3)  Fe-O5 1.92(1) 
Fe-O6 1.917(4) Fe-O6 1.923(3)  Fe-O6 1.907(9) 
       
Octahedral Distortion 
Σ90° 92.2 Σ90° 93.8  Σ90° 91.8 
Σ180° 48.5 Σ180° 49.1  Σ180° 48.6 
 
4.3.2 [Fe(5-Clsal2-trien)][Ni(mnt)2] 
Suitable single crystals of [Fe(5-Clsal2-trien)][Ni(mnt)2] were obtained (section 2.4.3.3) for structural 
characterisation at both 293 K and 100 K. [Fe(5-Clsal2-trien)][Ni(mnt)2] crystallises in the monoclinic 
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space group C2/c with Z = 4. Table 4.3 contains relevant crystallographic data and Figure 4.3 shows 
the molecular structure. Each asymmetric unit contains half a cationic iron (III) complex and half a 
[Ni(mnt)2]
- anion. The iron (III) is coordinated to one hexadentate ligand in an FeN4O2 octahedral 
geometry.  
The coordination bond lengths (Fe-N and Fe-O) are shown in Table 4.2, using the atom numbering 
scheme outlined above in Figure 4.1. The Fe-N bond lengths are ca. 2.1-2.2 Å at both 293 and 100 K, 
indicating iron exists in the HS state and no SCO occurs at these temperatures. The geometry around 
the central iron is distorted, at 293 K, the angles between the ligands cis to each other vary from 
77.3° to 110.5°, and the angles between ligands trans to each other vary from 153.4° to 171.9°. The 
variation in angles at 100 K is very similar. The deviations (Σ) from 90° and 180° at both temperatures 
are outlined in Table 4.2. The very small change in distortion between 100 K and 293 K (ΔΣ90° = 3.9 
and ΔΣ180° = 3.6) is another indication no SCO is occurring. The [Ni(mnt)2]
- anions have a square 
planar geometry around the central nickel. Torsion angles in the mnt ligands are ±2.08° (for S-C-C-S) 
at 293 K, and ±1.91° 100 K. The average Ni-S coordination bond lengths are 2.147 Å at both 293 K 
and 100 K.  
 
Figure 4.3 Molecular structure of [Fe(5-Clsal2-trien)][Ni(mnt)2] with 50% thermal ellipsoids. Hydrogen atoms 
have been omitted for clarity. 
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Table 4.2 Bond lengths and octahedral distortion in [Fe(5-Clsal2-trien)][Ni(mnt)2] with atom numbering 
referring to Figure 4.1. 
Bond Lengths 
 
293 K 100 K 
Fe1-N1 2.107 2.101 
Fe1-N2 2.212 2.212 
Fe1-N3 2.212 2.212 
Fe1-N4 2.107 2.101 
Fe1-O5 1.919 1.920 
Fe1-O6 1.919 1.920 
   
Octahedral Distortion 
Σ90° 109.2 113.1 
Σ180° 61.3 64.9 
 
 
Figure 4.4 Stacking in crystal structure of [Fe(5-Clsal2-trien)][Ni(mnt)2], with iron (III) complex in blue and 
[Ni(mnt)2]
-
 anion in green. a) shows layers propagating along the crystallographic ac plane, and b) shows the 
same packing on a smaller scale.  
The crystal structure of [Fe(5-Clsal2-trien)][Ni(mnt)2] is made up of single anions interdigitated 
between cations, which repeat along the crystallographic ac axes, see Figure 4.4a. Salts containing 
[Ni(mnt)2]
- moieties commonly form segregated stacks of cationic and anionic units, however this 
does not occur in this material.  Figure 4.4b shows in more detail how [Ni(mnt)2]
- units are 
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positioned relative to neighbouring sal2-trien ligands. This results in shorter distances between 
central Fe and Ni atoms. At 293 K the Fe-Ni distance throughout layers is 8.670 Å, and in between 
layers the distance alternates between 7.130 Å and 7.908 Å. At 100 K, the distances are 8.649, 7.055 
and 7.823 Å respectively. At 100 K, Fe-Fe distances are 17.298, 11.525 and 10.786 Å, and Ni-Ni 
distances are 17.227, 11.525 and 11.194 Å. Short contacts exist between nitrogens on the mnt 
ligands and nitrogens on the sal2-trien ligands, which propagate throughout the structure, aiding 
cooperativity.  
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Table 4.3 Crystal structure and refinement details for [Fe(5-Clsal2-trien)]NO3, [Fe(5-Brsal2-trien)]NO3 and [Fe(5-Clsal2-trien)][Ni(mnt)2]. 
 
[Fe(5-Clsal2-trien)]NO3 [Fe(5-Brsal2-trien)]NO3 [Fe(5-Clsal2-trien)][Ni(mnt)2] 
Temperature (K) 150 298 298 100 293 
Empirical formula C80H80Cl8Fe4N20O20 C40H40Cl4Fe2N10O10 C20H20Br2FeN5O5  C28H20N8O2S4Cl2FeNi 
Formula weight 2148.65  626.06 814.21 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group Cc Cc C2/c 
a, (Å) 7.2000(2) 7.2592(4) 7.1689(10) 21.8642(17) 21.9983(15) 
b, (Å) 19.9839(7) 20.3817(8) 20.568(3) 7.2961(5) 7.4284(5) 
c, (Å) 15.8754(5) 15.7428(8) 16.3034(15) 21.1659(17) 21.2273(14) 
α, (deg) 90 90 90 90 90 
β, (deg) 97.720(3) 97.227(4) 97.213(10) 106.383(8) 106.061(8) 
γ, (deg) 90 90 90 90 90 
Volume (Å3) 2263.52(13) 2310.74(19) 2384.9(5) 3239.3(4) 3333.4(4) 
Final R indices [F2 > 
2s(F2)] 
R=0.0564, 
wR=0.1480 
R=0.0447, 
wR=0.0914 
R=0.0966,  
wR=0.2377 
R = 0.0740 
wR = 0.1991 
R = 0.0685 
wR = 0.1972 
R indices (all data) 
R=0.0589, 
wR=0.1524 
R=0.0533, 
wR=0.1001 
R=0.1241,  
wR=0.2718 
R = 0.1143,  
wR = 0.2216 
R = 0.1145,  
wR = 0.2240 
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4.4 SQUID Magnetisation Measurements  
4.4.1 Magnetisation Studies of Nitrate Salts of sal2-trien complexes 
Magnetic susceptibility plots for [Fe(5-Brsal2-trien)]NO3 are shown in Figure 4.5. Temperature 
dependant magnetic susceptibility data indicates Fe (III) exists in the HS state between 25 and 300 K, 
(average χMT value of 4.30 cm
3 K mol-1 is close to the theoretical value of 4.37 cm3 K mol-1 for five 
unpaired electrons in a HS d5 species, assuming g = 2) with the effects of Zero Feld Splitting (ZFS) 
below 25 K. The plots of χM and 1/χM vs. temperature show ideal Curie-Weiss behaviour, with the 
Curie and Weiss constants calculated as 4.403 cm3 K mol-1 and -2.403 K respectively (R2 = 0.9999). 
Thus it can be concluded [Fe(5-Brsal2-trien)]NO3 exhibits Curie-Weiss paramagnetism, and Fe (III) 
exists in the HS state across the temperature range.  
Magnetic susceptibility plots for [Fe(5-Clsal2-trien)]NO3 are shown in Figure 4.6. Temperature 
dependant magnetic susceptibility data indicates Fe (III) exists in the HS state between 25 and 300 K, 
(average χMT value of 4.36 cm
3 K mol-1 is close to the theoretical value of 4.37 cm3 K mol-1 for five 
unpaired electrons in a HS d5 species, assuming g = 2) with ZFS below 25 K. The plots of χM and 1/χM 
vs. temperature show ideal Curie-Weiss behaviour, with the Curie and Weiss constants calculated as 
4.428 cm3 K mol-1 and -1.723 K respectively (R2 = 0.9999). Thus it can be concluded 
[Fe(5-Clsal2-trien)]NO3 exhibits Curie-Weiss paramagnetism, with Fe (III) in the HS state across the 
temperature range.  
Magnetic susceptibility plots for [Fe(3-OMe-5-NO2sal2-trien)]NO3 are shown in Figure 4.7. 
Temperature dependant magnetic susceptibility data indicates Fe (III) exists in the HS state between 
25 and 300 K, (average χMT value of 4.46 cm
3 K mol-1 is close to the theoretical value of 
4.37 cm3 K mol-1 for five unpaired electrons in a HS d5 species, assuming g = 2) with ZFS below 25 K. 
The plots of χM and 1/χM vs. temperature show Curie-Weiss behaviour, with the Curie and Weiss 
constants calculated as 4.795 cm3 K mol-1 and -5.312 K respectively (R2 = 0.9980) from the linear 
section of the 1/χM plot. The deviation from linearity at high temperatures is likely due to 
temperature independent paramagnetism [85]. It can be concluded [Fe(3-OMe-5-NO2sal2-trien)]NO3 
exhibits Curie-Weiss paramagnetism, with Fe (III) in the HS state across the temperature range.  
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Figure 4.5 [Fe(5-Brsal2-trien)]NO3: temperature dependant magnetic susceptibility (χMT) plot with 
temperature vs. χM and 1/χM in the inset, fitted (red line) using the Curie-Weiss law. 
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Figure 4.6 [Fe(5-Clsal2-trien)]NO3: temperature dependant magnetic susceptibility (χMT) plot with 
temperature vs. χM and 1/χM in the inset, fitted (red line) using the Curie-Weiss law. 
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Figure 4.7 [Fe(3-OMe-5-NO2sal2-trien)]NO3: temperature dependant magnetic susceptibility (χMT) plot with 
temperature vs. χM and 1/χM in the inset, fitted (red line) using the Curie-Weiss law. 
Magnetic susceptibility plots for [Fe(4-deasal2-trien)]NO3 are shown in Figure 4.8. Temperature 
dependant magnetic susceptibility data indicates Fe (III) exists in the HS state between 15 and 300 K, 
(average χMT value of 4.157 cm
3 K mol-1 is close to the theoretical value of 4.37 cm3 K mol-1 for 5 
unpaired electrons in a HS d5 species, assuming g = 2). There is a sharp increase in χMT from 15 K to 
10 K, which could indicate the onset of weak ferromagnetism, since it does not rise too high. ZFS is 
observed below 7 K. The plots of χM and 1/χM vs. temperature show Curie-Weiss behaviour, with the 
Curie and Weiss constants calculated as 4.434 cm3 K mol-1 and -4.259 K respectively (R2 = 0.9997). 
Thus it can be concluded [Fe(4-deasal2-trien)]NO3 exhibits Curie-Weiss paramagnetism with a 
possible ferromagnetic transition below 15 K, albeit a weak one, and Fe (III) exists in the HS state 
across the temperature range. 
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Figure 4.8 [Fe(4-deasal2-trien)]NO3: temperature dependant magnetic susceptibility (χMT) plot with 
temperature vs. χM and 1/χM in the inset, fitted (red line) using the Curie-Weiss law. 
4.4.2 Magnetisation Studies of TCNQ Salts of sal2-trien complexes 
Magnetic susceptibility plots for [Fe(5-Brsal2-trien)]TCNQ are shown in Figure 4.9. χMT decreases very 
gradually from 1.196 cm3 K mol-1 at 300 K to 0.787 cm3 K mol-1 at 50 K, before rapidly decreasing 
below 50 K due to ZFS. The expected χMT value for LS iron (III) and one TCNQ moiety is 
0.74 cm3 K mol-1 (assuming g = 2), therefore the iron complex likely exists in a mix of HS and LS states 
(predominantly LS). The gradual decline could be due to either a gradual SCO, but could also be due 
to antiferromagnetic coupling between HS iron (III), LS iron (III) and TCNQ. The plot of 1/χM vs 
temperature indicates Curie-Weiss paramagnetism, which is fitted to the linear paramagnetic region 
(300 K to 50 K), below which ZFS dominates. The Curie constant is 1.315 cm3 K mol-1, and the large 
negative Weiss constant -42.318 K (R2 = 0.9933), further supports the interpretation of 
antiferromagnetic coupling.  
Magnetic susceptibility plots for [Fe(3-OMe-5-NO2sal2-trien)]TCNQ are shown in Figure 4.10. The plot 
of χMT vs. temperature shows a clear magnetic transition between 300 K and 100 K, where χMT 
decreases from 4.453 cm3 K mol-1 to 2.846 cm3 K mol-1. This is consistent with an incomplete SCO. 
The χMT value at 300 K corresponds to one HS Fe (III). However, it appears the curve is still increasing 
beyond 300 K, therefore if the magnetic contribution from TCNQ is accounted for, at 300 K iron is ca. 
93% in the HS state. At 100 K iron is ca. 56% in the HS state. Between 100 K and 15 K χMT gradually 
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decreases slightly, and below 15 K ZFS is observed. The plot of 1/χM vs. temperature shows a straight 
line with a clear change of gradient at 100 K. As observed in the χMT data, a transition occurs above 
100 K, thus the Curie-Weiss law is fitted to the paramagnetic region of the graph, between 100 K and 
15 K. The Curie constant is 2.956 cm3 K mol-1, and Weiss constant -6.022 K (R2 = 0.9984).  
Magnetic susceptibility plots for [Fe(4-deasal2-trien)]TCNQ are shown in Figure 4.11. Temperature 
dependant magnetic susceptibility data indicates Fe (III) exists in the HS state across the 
temperature range. At 300 K χMT is 4.720 cm
3 K mol-1 (close to the theoretical value of 
4.74 cm3 K mol-1 for S = 5/2 and S = 1/2, assuming g = 2). A gradual decrease in χMT can be explained 
by antiferromagnetic coupling between iron and nickel as the temperature decreases. At 15 K χMT is 
3.983 cm3 K mol-1, which corresponds to four unpaired electrons. However there is an increase in 
χMT from 15 K to 10 K, which was also observed with the magnetic data for [Fe(4-deasal2-trien)]NO3 
(Figure 4.8), which could be an indication of the onset of weak ferromagnetism. ZFS is observed 
below 10 K. The plots of χM and 1/χM vs. temperature show Curie-Weiss behaviour, with the Curie 
and Weiss constants calculated as 4.740 cm3 K mol-1 and -6.342 K respectively (R2 = 0.9993). A small 
negative Weiss constant supports the existence of antiferromagnetic coupling between iron and 
nickel centres. In conclusion, [Fe(4-deasal2-trien)]TCNQ exhibits Curie-Weiss paramagnetism with a 
possible ferromagnetic transition below 15 K, and Fe (III) exists in the HS state between 2 and 300 K. 
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Figure 4.9 [Fe(5-Brsal2-trien)]TCNQ: temperature dependant magnetic susceptibility (χMT) plot with 
temperature vs. χM and 1/χM in the inset, fitted (red line) using the Curie-Weiss law. 
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Figure 4.10 [Fe(3-OMe-5-NO2sal2-trien)]TCNQ: temperature dependant magnetic susceptibility (χMT) plot 
with temperature vs. χM and 1/χM in the inset, fitted (red line) using the Curie-Weiss law. 
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Figure 4.11 [Fe(4-deasal2-trien)]TCNQ: temperature dependant magnetic susceptibility (χMT) plot with 
temperature vs. χM and 1/χM in the inset, fitted (red line) using the Curie-Weiss law. 
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4.4.3 Magnetisation Studies of [Ni(mnt)2] Salts of sal2-trien complexes 
Magnetic susceptibility plots for [Fe(5-Brsal2-trien)][Ni(mnt)2] are shown in Figure 4.12. Plots of χM 
and 1/χM indicate Curie-Weiss paramagnetism with a small negative Weiss constant (-7.888 K). χMT 
data indicates iron (III) exists in the HS state between 2 and 300 K, with a χMT value of 
5.026 cm3 K mol-1 at 300 K (close to the theoretical value of 4.74 cm3 K mol-1 expected for iron (III) 
(S = 5/2) and nickel (II) (S = 1/2), assuming g = 2). As the temperature decreases so does the value of 
χMT, indicating antiferromagnetic coupling between iron and nickel. At 15 K, χMT is 4.017 cm
3 K mol-1 
consistent with four unpaired electrons, corresponding to complete antiferromagnetic alignment of 
S = 5/2 and S = 1/2 spins. Below 15 K, χMT rapidly increases up to 18.391 cm
3 K mol-1 indicating a 
ferrimagnetic transition.  
The induced magnetisation of [Fe(5-Brsal2-trien)][Ni(mnt)2] was measured at 2 K when sweeping the 
external field ± 10,000 G, ± 1,000 G and ± 100 G, the latter of which is also shown in Figure 4.12. A 
very small hysteresis is observed when the external field sweeps between ±100 G, with a coercive 
field of ± 6 G, and a remnant field of ± 0.0054 cm-1. This indicates the materials retains memory of 
the external field and supports the ferrimagnetic nature. The magnetisation was also measured in 
the following conditions for comparison: 
(A) Zero-field cooled  (ZFC), 10 G field applied and magnetisation measured between 1.8 K and 10 K  
(B) Field cooled (FC) at 10 G, 10 G field remains and magnetisation measured between 1.8 K and 
10 K 
(C) FC at 10 G, zero field (ZF) applied and magnetisation measured between 1.8 K and 10 K 
A  and B show different magnetisations, despite both being measured in an external field (10 G) due 
to the ‘memory’ retained from the former being ZFC and the latter being FC. B and C show similar 
magnetisation despite the former being measured in 10 G and the latter in ZF, due to the ‘memory’ 
of the external magnetic field from cooling. This confirms that at 2 K magnetic memory is stored. In 
conclusion, [Fe(5-Brsal2-trien)][Ni(mnt)2] is a ferrimagnetic with Curie temperature ca. 15 K, above 
which paramagnetism is exhibited. Iron (III) exists in the HS state at all temperatures. 
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Figure 4.12 [Fe(5-Brsal2-trien)][Ni(mnt)2]: temperature dependant magnetic susceptibility (χMT) plot with 
temperature vs. χM and 1/χM in the inset (top) and magnetisation vs. field plots up to 100 G (bottom left) 
and magnetisation after various conditions as described in text  (bottom right). 
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Magnetic susceptibility plots for [Fe(5-Clsal2-trien)][Ni(mnt)2] are shown in Figure 4.13. Plots of χM 
and 1/χM indicate Curie-Weiss paramagnetism with a small positive Weiss constant (6.701 K). χMT 
data indicates iron (III) exists in the HS state between 2 and 300 K, with a χMT value of 
5.180 cm3 K mol-1 at 300 K (slightly higher than the theoretical value of 4.74 cm3 K mol-1 expected for 
two centres of S = 5/2 and S = 1/2, assuming g = 2). As the temperature decreases χMT increases, 
indicating the presence of ferromagnetic coupling. At 15 K, χMT is 6.503 cm
3 K mol-1, and below this 
temperature χMT increases more rapidly up to 12.088 cm
3 K mol-1, indicating a ferromagnetic 
transition.  
The induced magnetisation of [Fe(5-Clsal2-trien)][Ni(mnt)2] as a function of magnetic field at 2 K is 
also shown in Figure 4.13. No hysteresis is observed when the external field sweeps between 
±10,000 G, ±1,000 G or ±100 G, indicating no memory of the external field is retained, thus this 
material is a soft ferromagnet. The magnetisation was also measured in conditions A, B and C 
described above. A  and B show similar magnetisations, as they are both measured in an external 
field (10 G) and no memory of the cooling conditions (ZFC or FC) has been retained. B and C show 
different magnetisations as the former was measured in 10 G and the latter in ZF, despite both being 
cooled at 10 G. This confirms that at 2 K no magnetic memory is retained. In conclusion, 
[Fe(5-Clsal2-trien)][Ni(mnt)2] is a soft ferromagnetic with a Curie temperature of ca. 15 K, above 
which paramagnetism is exhibited. Iron (III) exists in the HS state at all temperatures.  
Magnetic susceptibility plots for [Fe(4-deasal2-trien)][Ni(mnt)2] are shown in Figure 4.14. 
Temperature dependant magnetic susceptibility data indicates Fe (III) exists in the HS state across 
the temperature range. At 300 K χMT is 4.950 (close to the theoretical value of 4.74 cm
3 K mol-1 for 
S = 5/2 and S = 1/2, assuming g = 2). A gradual decrease in χMT can be explained by 
antiferromagnetic coupling between iron and nickel as the temperature decreases. There is an 
increase in χMT from 15 K to 10 K, which was also observed in this complex with both the nitrate and 
TCNQ counterions (Figure 4.8 and Figure 4.10), and again could indicate a very weak ferromagnetic 
transition. ZFS is observed below 10 K. The plots of χM and 1/χM vs. temperature show Curie-Weiss 
behaviour, with the Curie and Weiss constants calculated as 5.070 cm3 K mol-1 and -10.392 K 
respectively (R2 = 0.9975). A small negative Weiss constant supports the above conclusion of 
antiferromagnetic coupling between iron and nickel centres. Thus it can be concluded 
[Fe(4-deasal2-trien)][Ni(mnt)2] exhibits Curie-Weiss paramagnetism with a possible ferromagnetic 
transition below 15 K, and Fe (III) exists in the HS state across the temperature range. 
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Figure 4.13 [Fe(5-Clsal2-trien)][Ni(mnt)2]: temperature dependant magnetic susceptibility (χMT) plot with 
temperature vs. χM and 1/χM in the inset (top) and magnetisation vs. field plots up to 100G (bottom left) and 
magnetisation after various conditions as described in text  (bottom right). 
  Chapter 4  
112 
 
0 50 100 150 200 250 300
3.0
3.5
4.0
4.5
5.0
0 50 100 150 200 250 300
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6  X
M
 2 to 300K
 1/X
M
 2 to 300K
Temperature (K)
X
M
 (
c
m
3
 m
o
l-1
)
0
10
20
30
40
50
60
70
1
/X
M
 (
c
m
-3
 m
o
l)
X
M
T
 (
c
m
3
 K
 m
o
l-1
)
Temperature (K)
 X
M
T 2 to 300K
 
Figure 4.14 [Fe(4-deasal2-trien)][Ni(mnt)2]: temperature dependant magnetic susceptibility (χMT) plot with 
temperature vs. χM and 1/χM in the inset, fitted (red lines) using the Curie-Weiss law. 
4.5 Differential Scanning Calorimetry  
The following samples were analysed using DSC, with temperature range in parentheses; 
[Fe(sal2-trien)]NO3 (173 to 303 K), [Fe(5-Brsal2-trien)]NO3 (173 to 303 K), [Fe(5-Clsal2-trien)]NO3 (173 
to 303 K), [Fe(4-deasal2-trien)]NO3 (173 to 373 K), [Fe(3-OMe-5-NO2sal2-trien)]NO3 (173 to 323 K), 
[Fe(sal2-trien)]TCNQ (173 to 303 K), [Fe(5-Brsal2-trien)]TCNQ (173 to 313 K), [Fe(5-Clsal2-trien)]TCNQ 
(173 to 313 K), [Fe(4-deasal2-trien)]TCNQ (173 to 373 K), [Fe(sal2-trien)][Ni(mnt)2] (173 to 303 K), 
[Fe(5-Brsal2-trien)][Ni(mnt)2] (173 to 303 K), [Fe(5-Clsal2-trien)][Ni(mnt)2] (173 to 303 K), 
[Fe(4-deasal2-trien)][Ni(mnt)2] (173 to 473 K), [Fe(3-OMe-5-NO2sal2-trien)][Ni(mnt)2] (173 to 473 K) 
and [Fe(5-Brsal2-trien)][Ni(dmit)2] (173 to 323 K).  
No DSC curves showed any indication of transitions occurring, confirming no abrupt SCO occurs 
within these temperature ranges. DSC curves of the TCNQ salts frequently had very small peaks, 
however these were not consistent and were attributed to impurities in the sample. For samples 
where magnetic or structural information couldn’t be obtained, this indicates that no SCO occurs in 
any of these materials.  
  Chapter 4  
113 
 
4.6 Discussion 
4.6.1 Challenges in Synthesis 
The synthesis of a range of [Fe(X-sal2-trien)]NO3 salts where X = H, 5-Br and 5-Cl, gave products 
where the experimental elemental analyses were a suitable match to the calculated values. Single 
crystals of the salts X = Br and Cl were grown (section 2.4.3.3) and SC-XRD confirmed the product, 
presented in section 4.3.1 However the synthesis of salts with X = 4-dea and 3-OMe-5-NO2 yielded 
products with less agreeable elemental analysis results (see section 2.4.3.1). The expected 
complexation reaction is believed to have happened due to colour changes during the reaction, but 
the product is thought to contain impurities due to the lower solubility of starting materials 
4-deasalicylaldehyde and 3-OMe-5-NO2salicylaldehyde. All nitrate salts were still used in onwards 
metathesis reactions, on the basis only the correct product would react and impurities would remain 
in solution. This appeared to be the case since elemental analyses were far more agreeable for TCNQ 
and [Ni(mnt)2] salts of [Fe(X-sal2-trien)] (when X = 4-dea and 3-OMe-5-NO2), compared to the nitrate 
salts.  
Care had to be taken in each metathesis reaction; disproportionation reactions in TCNQ- salts are 
common [47], thus neutral TCNQ often precipitated out of the reaction mixture, and in the case of 
Bu4N[Ni(mnt)2] and Bu4N[Ni(dmit)2], the unreacted starting material often crystallised out of 
solution. Synthesising [Fe(X-sal2-trien)]TCNQ salts was seemingly impeded by the solubility of the 
product. A range of solvents were used, mainly methanol, acetonitrile and a methanol/acetonitrile 
mix. Other solvents such as diethyl ether, water and acetone were tried but neutral TCNQ 
precipitated out of solution. Solvent evaporation in many cases yielded a black product with 
questionable purity. For example, [Fe(5-Brsal2-trien)]TCNQ was synthesized in ACN/MeOH, MeOH or 
ACN, and the elemental analysis results are shown in Table 4.4. This indicates methanol is the best 
solvent for this reaction, however this was not always reproducible. The products from ACN/MeOH 
and ACN contain impurities which are not carbon, hydrogen or nitrogen, one possibility is lithium, 
from the Li.TCNQ starting material. The solubility of these TCNQ salts also hindered recrystallisation 
attempts, and efforts to yield single crystals were unsuccessful.  
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Table 4.4 Elemental analysis results for [Fe(5-Brsal2-trien)]TCNQ synthesised in different solvents. 
 C H N 
Theoretical for C12H4N4.C20H20N4O2Br2Fe 50.04 3.12 14.59 
Experimental in ACN/MeOH 48.18 3.14 12.06 
Experimental in MeOH 50.08 3.20 14.52 
Experimental in ACN 40.61 2.82 7.91 
 
[Fe(X-sal2-trien)][Ni(mnt)2] salts were synthesised, the presence of [Ni(mnt)2]
- was easily identifiable 
in IR spectra with a sharp peak in the region of 2190 to 2207 cm-1, and the elemental analysis results 
were agreeable in samples X = 5-Br, 5-Cl, 4-dea and 3-OMe-5-NO2. For X = H, elemental analysis 
indicated some starting material may be mixed in with the product. Yields were generally low 
(<50%). Attempts were made to increase the product yields by filtering solutions a second time to 
yield a second crop, however the second crop commonly consisted of the Bu4N[Ni(mnt)2] starting 
material.   
Synthesis of [Ni(dmit)2] salts were attempted, but were limited due to the expense of starting 
material  Bu4N[Ni(dmit)2]. The synthesis of [Fe(X-sal2-trien)][Ni(dmit)2] where X = H and 5-Br were 
attempted, using the synthesis procedure outlined by Dorbes et al. [15]. When X = H the desired 
product was obtained, however when X = 5-Br, IR spectroscopy indicates the desired product is not 
formed and Bu4N[Ni(dmit)2] precipitates from the reaction mixture.  
4.6.2 Conductivity 
Since TCNQ- and [Ni(mnt)2]
- are known to be good molecular conductors, the conductivity of novel 
materials containing these anions was measured. Conductivity was measured on compressed 
powders of the following compounds at room temperature; [Fe(sal2-trien)]TCNQ, 
[Fe(5-Brsal2-trien)]TCNQ, [Fe(5-Clsal2-trien)]TCNQ and [Fe(5-Brsal2-trien)][Ni(mnt)2]. All were found 
to be electrically insulating (resistance > 1 GΩ). This is not surprising due to the anisotropic nature of 
conductivity. Such materials are anticipated to be 1D conductors, thus when powders are analysed 
the measured conductivity is averaged across all directions. Single crystals of a suitable size for 
attaching electrodes could not be obtained for any of the sal2-trien materials.  
Crystal structures can provide insight into potential conducting pathways by looking at the formation 
of stacks and short contacts between molecular conductors. The crystal structure of 
[Fe(5-Clsal2-trien)][Ni(mnt)2] did not form segregated stacks of cations and anions as is commonly 
seen in [Ni(mnt)2]
- salts. Each [Ni(mnt)2]
- is encapsulated by cations, resulting in large distances 
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between anions and no short contacts. Magnetic data can also provide insight into the localisation of 
electrons; the χMT value accounted for both the iron (III) and nickel (II) centres, suggesting electrons 
are localised not itinerant. Therefore by considering the crystal structure and magnetic properties, 
[Fe(5-Clsal2-trien)][Ni(mnt)2] is not expected to conduct current.  
4.6.3 Absence of Spin Crossover Behaviour 
Table 4.5 summarises the synthesised materials whose spin states are known, with comparison to 
published materials. It is interesting to note [Fe(sal2-trien)]NO3.H2O exists in the LS state at room 
temperature [86], whereas all other nitrate salts with X-sal2-trien (X = Br, Cl, 3-OMe-5-NO2, 4-dea) 
exist in the HS state between 2 - 300 K. This indicates the addition of groups on to the benzene ring 
(regardless of being electron donating or withdrawing groups) leads to iron existing in the HS state, 
and no SCO occurs. CFT indicates the crystal field splitting (Δo) is too small and the spin pairing 
energy is not overcome by the energy difference of the orbitals. The combination of crystal packing 
with the nitrate anion, and the addition of bulky groups on to the ligands could also sterically hinder 
SCO, as shorter coordination bond lengths and a smaller unit cell volume may not be achievable. The 
same conclusions could be drawn for [Ni(mnt)2] salts, where iron exists in the HS state between 2 – 
300 K for [Fe(X-sal2-trien)][Ni(mnt)2] (X = 5-Br, 5-Cl and 4-dea) salts.  
Table 4.5 Summary of iron spin state in synthesised materials. 
Material Spin State 
[Fe(sal2-trien)]NO3.H2O LS [86] 
[Fe(5-Brsal2-trien)]NO3 HS 
[Fe(5-Clsal2-trien)]NO3 HS 
[Fe(3-OMe-5-NO2sal2-trien)]NO3 HS 
[Fe(4-deasal2-trien)]NO3 HS 
[Fe(5-Brsal2-trien)]TCNQ LS and HS mix (mainly LS) 
[Fe(3-OMe-5-NO2sal2-trien)]TCNQ Incomplete SCO 
[Fe(4-deasal2-trien)]TCNQ HS 
[Fe(5-Brsal2-trien)][Ni(mnt)2] HS 
[Fe(5-Clsal2-trien)][Ni(mnt)2] HS 
[Fe(4-deasal2-trien)][Ni(mnt)2] HS 
[Fe(sal2-trien)][Ni(dmit)2] SCO (228-258 K) [15] 
 
[Fe(X-sal2-trien)]TCNQ (X = Br, 3-OMe-5-NO2 and 4-dea) salts showed a variety of spin state and SCO 
behaviours. Crystal structures may explain these behaviours but unfortunately single crystals of any 
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[Fe(X-sal2-trien)]TCNQ salts were not obtained. The difference in iron spin state between nitrate and 
TCNQ anions could be due to the propensity for TCNQ anions to form 1D stacks [47], resulting in 
different packing structures. ([Ni(mnt)2] anions also have a propensity to form stacks, however the 
crystal structure of [Fe(5-Clsal2-trien)][Ni(mnt)2] showed that stacks were not formed.) Iron in TCNQ 
salts remains in the HS state between 2 - 300 K when X = 4-dea, whereas when X = 5-Br SQUID data 
indicated iron was present in predominantly the LS state, mixed with a small proportion in the HS 
state. This could suggest the nature of the substitution group on the ligand is now having a larger 
effect on the iron spin state, as bromine withdraws electrons and dea donates electrons. When X = 
3-OMe-5-NO2 (electron donating and withdrawing groups) a partial gradual SCO was observed.  
4.6.4 Long-Range Magnetic Order 
Magnetic measurements showed [Fe(5-Brsal2-trien)][Ni(mnt)2] exhibits  ferrimagnetism, and 
[Fe(5-Clsal2-trien)][Ni(mnt)2] exhibits ferromagnetism, both with a TC of ca. 15 K. The only difference 
between materials is the substitution group on the benzene ring of the ligand, and this changes the 
nature of the long-range magnetic order. Suitable single crystals were grown of 
[Fe(5-Clsal2-trien)][Ni(mnt)2] which allowed for structural characterisation. Long-range magnetic 
order generally arises when two metal centres are sufficiently close together [87]. The shortest 
interatomic distances are between iron and nickel metals, with distances in the range of 7.823 - 
8.649 Å at 100 K, whereas Fe-Fe distances range from 10.786 - 17.298 Å, and Ni-Ni distances range 
from 11.194 - 17.227 Å. Therefore it is reasonable to conclude ferromagnet interactions arise 
between iron and nickel. Unfortunately single crystals of [Fe(5-Brsal2-trien)][Ni(mnt)2] have not yet 
been obtained, however because ferrimagnetism arises between spin states of different 
magnitudes, long-range order is expected to arise from iron - nickel interactions. Forrer correlated 
magnetic properties with interatomic distance for a number of metals, and found that with 
increasing interatomic distance the interaction changes from antiferromagnetic to ferromagnetic to 
paramagnetic [87]. Applying this correlation to these materials could suggest that the antiparallel 
alignment in [Fe(5-Brsal2-trien)][Ni(mnt)2] indicates shorter interatomic distances. However this 
could be contradicted by bromine being a larger atom than chlorine, thus expecting the complex to 
take a larger volume of space and increasing interatomic distances. The Forrer correlation also may 
not apply as that looks at interatomic distances between the same metal, whereas in this material 
interactions are between different metals (iron and nickel).  
4.7 Conclusion  
The combination of [Fe(X-sal2-trien)]
+ complexes with molecular conductors had the potential to 
exhibit many interesting properties. Whilst initially investigated for their potential to exhibit SCO 
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behaviour, a SCO transition was only observed in one of the synthesised complexes, and it was 
incomplete. However some complexes were found to exhibit long-range magnetic order, a property 
which hasn’t previously been observed in such materials. It is highly interesting that simply switching 
the substitution atom on the benzene ring on the ligand can switch the long-range magnetic order 
from ferromagnetic (chlorine) to ferrimagnetic (bromine). Investigating the effect of adding different 
or more substituents onto the ligand in the general complex [Fe(X-sal2-trien)][Ni(mnt)2] could be 
very fruitful.  
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5.1 Introduction 
Far fewer examples of anionic SCO complexes exist, due to the challenge of finding ligands which 
have anionic charges whilst simultaneously providing a suitable ligand field splitting. Van 
Koningsbruggen et al. summarise anionic iron (III) complexes with the following ligands (and 
derivatives); salicylaldehyde thiosemicarbazone (H2thsa), salicylaldehyde selenosemicarbazone 
(H2sesa), pyruvic acid thiosemicarbazone (H2thpu) and pyruvic acid selenosemicarbazone (H2sespu) 
[6]. All are tridentate ligands with an ONS coordinating sphere, and can be monoanionic or dianionic 
ligands. This section focuses on H2thsa ligands due to their ease of adding substituents and 
availability of necessary starting materials.  
H2thsa can lose one or two hydrogen atoms to become Hthsa
- or thsa2- (shown in Figure 5.1). 
Increasing numbers of neutral SCO complexes based on H2thsa ligands are reported, with the 
general formula [Fe(Hthsa)(thsa)] [26, 88, 89]. A number of modifications can be made to this basic 
ligand group; substitution on the benzene ring of the salicylaldehyde affects the ligand field strength 
because any electron donating or withdrawing properties introduced by the substituent are 
transferred via the π-delocalised ring of electrons. A trend was observed by van Koningsbruggen et 
al. from the study of H[Fe(X-thsa)2] and NH4[Fe(X-thsa)2] salts, where the LS state is favoured in the 
order (X =) NO2 > H > CH3 > Cl > Br [6]. Substitution on the amido group of the thiosemicarbazone 
(e.g. phenyl) is not thought to have a large effect on the ligand field strength. However the 
introduction of substituents at any site on the ligand affects molecular stacking and the 
intermolecular interactions throughout the material. A variety of substitutions are investigated on 
the benzene ring of thsa to investigate their effect on the spin state of iron and SCO behaviour. SCO 
behaviour in iron is also largely affected by the cation and degree of solvation. A number of 
materials are listed in Table 5.1 organised by their spin state.   
 
Figure 5.1 Structural changes to H2thsa upon coordination as a monoanionic (Hthsa
-
) or dianionic (thsa
2-
) 
ligand. 
 
  Chapter 5  
120 
 
In the interest of synthesising multifunctional materials, cationic molecular conductors will be 
combined with potential anionic SCO complexes. The synergy between components may lead to 
interesting behaviours, in addition to potentially creating an electrical switch. Molecular conductors 
include TTF (tetrathiafulvalene), BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene) and TMTSF 
(tetramethyltetraselenafulvalene) (section 1.3.2). This combination is unprecedented in this field.  
Table 5.1 Published examples of anionic iron (III) complexes with ligands based on H2thsa. 
SCO HS state 
NH4[Fe(5-Brthsa)2] [90] Cs[Fe(thsa)2] [91] 
NH4[Fe(3,5-Clthsa)2].1.5H2O [6] Cs[Fe(thsa)2].4H2O [74] 
NH4[Fe(5-NO2thsa)2].0.5H2O [6]  
NH4[Fe(3-NO2thsa)2] [6]  
Al0.33[Fe(5-Clthsa)2] [92]  
H[Fe(5-Clthsa)2] [92] LS state 
Na[Fe(thsa)2].3H2O [75] NH4[Fe(thsa)2] [6] 
pyridineH[Fe(thsa)2].H2O [6] NH4[Fe(Ph-thsa)2].0.5H2O [75] 
Li[Fe(5-Brthsa)2] [6] Li[Fe(thsa)2].2H2O [75] 
Li[Fe(5-Brthsa)2].H2O [17] Cs[Fe(5-Brthsa)2] [93] 
 
5.2 Synthesis and Characterisation  
The preparation of a range of ligands followed the basic procedure outlined by Tido [74], mixing a 
1:1 molar ratio of thiosemicarbazide and the respective salicylaldehyde in alcohol (section 2.4.4.1). 
The following derivatives were synthesised; thsa (non-substituted), 5-Brthsa (5-bromo), 5-Clthsa (5-
chloro), 3,5-diBrthsa (3,5-dibromo), 3-Br-5-Clthsa (3-bromo-5-chloro), 4-deathsa (4-diethylamino), 
3-OMe-5-NO2thsa (3-methoxy-5-nitro), 3-NO2-5-Brthsa (3-nitro-5-bromo) and 3-Br-5-NO2thsa 
(3-bromo-5-nitro). Ligands were characterised by elemental analysis, IR and NMR spectroscopies.  
Iron (III) complexes with various thsa ligands were synthesised with a range of cations, including 
lithium, tetrabutylammonium, ammonium, caesium and potassium (section 2.4.4.2). The syntheses 
followed published procedures [17, 74, 75]. Products were analysed by elemental analysis and IR 
spectroscopy, and when single crystals were grown, SC-XRD. This revealed many of the products 
were neutral complexes, or a mixture of anionic and neutral complexes. These challenges in 
synthesis are discussed further in section 5.7.1.1, but to summarise, syntheses with lithium resulted 
in products which were sparsely soluble, syntheses with tetrabutylammonium resulted in products 
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which were a mix of anionic and neutral complexes, syntheses with ammonium resulted in a neutral 
iron complex,and syntheses with caesium and potassium yielded the desired products.  
Metathesis reactions between iron (III) complexes and ionic molecular conductors were attempted 
via two main procedures; chemically (with TTF3(BF4)2) and electrochemically (with TTF, BEFT-TTF and 
TMTSF) described in section 2.4.4.3. These were rarely successful and many challenges were faced, 
primarily mutual solubility in compatible solvents. These challenges are discussed further in section 
5.7.1.2. 
5.3 Description of Crystal Structures 
5.3.1 [Fe(Hthsa)(thsa)].H2O 
The attempted synthesis of NH4[Fe(thsa)2] (section 2.4.4.2) by following the procedure outlined by 
Zelentsov et al. [75], yielded single crystals. SC-XRD identified that the product was not as intended 
and was in fact a neutral complex, the novel structure of which is described herein. 
[Fe(Hthsa)(thsa)].H2O crystallises in the monoclinic space group P21/n with Z = 4, determined by 
SC-XRD at 100 K. Table 5.4 contains relevant crystallographic details and Figure 5.2 shows the 
structure of [Fe(Hthsa)(thsa)].H2O, with the numbering scheme referred to later in this section. Each 
asymmetric unit contains one neutral iron complex and one water molecule. The iron (III) is 
coordinated to two tridentate ligands in an FeO2N2S2 octahedron.  
 
Figure 5.2 Asymmetric unit of [Fe(Hthsa)(thsa)] at 100 K, with atom numbering scheme. 
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The metal - ligand bond lengths are shown in Table 5.2. Fe-N bond lengths of 1.944 Å indicate the 
material exists in the LS state at 100 K. This is supported by published magnetic data; at 50 K 
[Fe(Hthsa)(thsa)].H2O has a χMT value of 1.08 cm
3 K mol-1, indicating the material exists 
predominantly (85%) in the LS state, before SCO between 274 - 282 K [26]. The bond lengths are also 
similar to those reported for [Fe(H5-Clthsa-Me)(5-Clthsa-Me)] (where H25-Clthsa-Me is 
5-chlorosalicylaldehyde methylthiosemicarbazone). At 110 K average Fe-N and Fe-S bond lengths of 
1.941 Å and 2.248 Å respectively, corresponding to iron (III) in the LS state, confirmed by χMT values 
of ca. 0.5 cm3 K mol-1 at 100 K [88].  
The octahedral geometry around the central iron (III) at 100 K is only slightly distorted, with the 
angles between the ligands trans to each other between 175° and 180°, and the angles between the 
ligands cis to each other varying only from 85° to 95°, thus Σ(180)= 6.07° and Σ(90)= 24.55°. These are 
similar to those reported by Li et al. for [Fe(H5-Clthsa-Me)(5-Clthsa-Me)], where Σ(180) = 7.70° and 
Σ(90) = 13.53° [88]. This octahedral distortion is minimal compared to other complexes investigated, 
such as the anionic Cs[Fe(thsa)2].4H2O, which at 100 K has distortion values of Σ(180) = 76.54° and 
Σ(90) = 122.44° (see section 5.3.2).  
The crystal packing of [Fe(Hthsa)(thsa)].H2O is shown in Figure 5.3, and consists of iron complexes 
stacking in layers propagating along the crystallographic a axis. There are many short contacts 
between adjacent complexes, primarily between carbons and hydrogens on benzene rings, but also 
involving the terminal nitrogen (N3 and N13) and hydrogens, all shown in Figure 5.3. There are also 
short contacts between ligands and solvent molecules (not shown).  
Table 5.2 Complex metal - ligand bond lengths in [Fe(Hthsa)(thsa)].H2O at 100 K, with atom numbering 
scheme shown in Figure 5.2. 
Bond Length (Å) 
Fe1-N1 1.944(2) 
Fe1-O1 1.931(1) 
Fe1-S1 2.2546(6) 
Fe1-N11 1.944(2) 
Fe1-O11 1.923(1) 
Fe1-S11 2.2515(6) 
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Figure 5.3 Stacking in [Fe(Hthsa)(thsa)].H2O viewed along the crystallographic c axis. Iron complex in green, 
water in blue and blue dotted lines indicate short contacts. The crystallographic axes labels are shown. 
5.3.2 Cs[Fe(thsa)2].4H2O 
Single crystals of Cs[Fe(thsa)2].4H2O were solved by SC-XRD. Each asymmetric unit contained half an 
iron complex, one caesium cation and two water molecules. The crystal structure of Cs[Fe(thsa)2] 
with no solvent has already been published [91]. The structure with four water molecules has also 
previously been described in a thesis [74]. Herein the structure of Cs[Fe(thsa)2].4H2O is reported. 
Cs[Fe(thsa)2].4H2O crystallises in the orthorhombic space group Pbcn determined by SC-XRD at both 
100 K and 290 K. Table 5.4 contains relevant crystallographic method and refinement details, and 
Figure 5.4 shows the structure of Cs[Fe(thsa)2].4H2O at 290 K with 50% thermal ellipsoids. Iron (III) is 
coordinated to two tridentate ligands in an FeN2O2S2 octahedron.  
The metal - ligand bond lengths at both 100 K and 290 K are shown in Table 5.3. Fe-N bond lengths 
of 2.176 and 2.182 Å at 100 and 290 K respectively indicate iron exists in the HS state at both 
temperatures, the same as non-hydrated Cs[Fe(thsa)2] [91]. The octahedral geometry around the 
central iron (III) at both 100 K and 290 K is highly distorted, with the sum of the deviation from 90° 
and 180° shown in Table 5.3. Angles between the ligands trans to each other vary between 152° and 
156°, and the angles between the ligands cis to each other vary from 78° to 116°. The change in 
octahedral distortion between 100 K and 290 K is minimal (ΔΣ180° =1.64 and ΔΣ90° =2.87), another 
indication that no SCO is occurring. Correlations between materials with a high level of octahedral 
distortion and no SCO have previously been reported [13].  
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Figure 5.4 Asymmetric unit of Cs[Fe(thsa)2].4H2O at 290 K with 50% thermal ellipsoids and atom numbering 
scheme.  
Table 5.3 Coordination bond lengths and octahedral distortion in Cs[Fe(thsa)2].4H2O at 100 K and 290 K. 
Bond Lengths 100 K 290 K 
 
Octahedral 
Distortion 
Σ 
ΔΣ 
Fe1-S1 2.4119(4) 2.419(2) 
 
100 K 290 K 
Fe1-O1 1.969(1) 1.972(4) 
 
180° 76.54 74.9 1.64 
Fe1-N1 2.176(1) 2.182(4) 
 
90° 122.44 119.57 2.87 
 
Layers of the anionic iron complexes propagate along the crystallographic b axis, as seen in Figure 
5.5. Caesium cations are sandwiched equidistant between the salicylaldehyde rings on adjacent 
complexes, the distance between caesium and the mean plane of adjacent benzene rings is 3.336 Å. 
The only inter-ligand short contacts arise between the hydrogen on C8 and C2. Other short contacts 
arise between ligands and solvent molecules.  
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Figure 5.5 Crystal packing of Cs[Fe(thsa)2].4H2O at 290 K shown in the crystallographic a axis. The 
crystallographic axes labels are shown. Hydrogen atoms have been omitted for clarity.  
Table 5.4 Crystal data and refinement details for the structural determination of [Fe(Hthsa)(thsa)].H2O at 
100 K and Cs[Fe(thsa)2].4H2O at 290 and 100 K. 
 
[Fe(Hthsa)(thsa)].H2O  Cs[Fe(thsa)2].4H2O 
Temperature 100 K  100 K 290 K 
Empirical formula C46H34FeN18Ni2S8  C16H22O6N6S2FeCs 
Formula weight 1268.66  647.26 
Crystal system Triclinic  Orthorhombic 
Space group P-1  Pbcn 
a, (Å) 11.1520(8)  10.50847(19) 10.5552(17) 
b, (Å) 12.1583(9)  15.5378(3) 15.685(3) 
c, (Å) 19.5039(14)  13.8843(3) 14.095(2) 
α, (deg) 94.573(5)  90 90 
β, (deg) 90.242(5)  90 90 
γ, (deg) 92.946(5)  90 90 
Volume (Å3) 2632.5(3)  2267.01(7) 2333.5(7) 
Z 2  4 4 
Density (Mg / m3) 1.600  1.896 1.842 
Final R indices [F2 > 2σ(F2)] 
R = 0.0536, 
wR = 0.1132 
 
R = 0.0155 
wR = 0.0390 
R = 0.0498 
wR = 0.1465 
R indices (all data) 
R = 0.1026, 
wR = 0.1340 
 
R = 0.0174, 
wR = 0.399 
R = 0.0665, 
wR = 0.1553 
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5.4 SQUID Magnetisation Measurements  
5.4.1 Magnetisation Studies of Lithium Salts of thsa complexes 
Magnetisation plots for Li[Fe(thsa)2].3H2O are shown in Figure 5.6. χMT is measured between 
2 - 300 - 2 K. At 300 K χMT is 10.248 cm
3 K mol-1, which gradually increases to 13.704 cm3 K mol-1 at 
90 K, followed by a sharper decrease to 1.205 cm3 K mol-1 at 2 K. Upon cooling a similar curve is 
followed with slightly lower χMT values. These χMT values do not correspond to theoretical values 
expected for iron (III) in either the HS or LS state. There are two possible explanations for this 
behaviour; firstly the sample is impure, however this is unlikely because the elemental analysis is 
agreeable, and this is not the only thsa salt where this behaviour is observed (section 5.4.2). The 
second hypothesis involves the effect of spin-orbit coupling. Typically only the spin contribution is 
accounted for (equations 1.6 and 1.7) as orbital contribution is quenched by the non-degeneracy of 
the d orbitals in an octahedral crystal field. However in configurations with a triply degenerate (T1 or 
T2) ground terms the orbital contribution and spin-orbit coupling must be taken into account. For d
5 
iron (III) the ground terms for the HS and LS states are 6A1g and 
2T2g
 respectively. Thus χMT data could 
suggest iron (III) has a triply degenerate ground state and exists in the LS state [20]. Further 
explanation of this behaviour would require crystal structures to determine the octahedral 
distortion, which are unavailable, and is not in the scope of this thesis. Magnetisation was also 
measured at 2 K, with magnetic fields sweeping ±1,000 G and ±10,000 G, the latter of which is 
shown in Figure 5.6. The diagonal nature of the line indicates the material is magnetically dilute, as 
expected for a paramagnet.  
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Figure 5.6 Li[Fe(thsa)2].3H2O χMT plot vs. temperature (left) and magnetisation versus field plot at 2 K (right). 
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5.4.2 Magnetisation Studies of Caesium Salts of thsa complexes 
Magnetisation plots for Cs[Fe(thsa)2].4H2O are shown in Figure 5.7. χMT values are almost constant 
at ca. 4.01 cm3 K mol-1 between 15 K and 300 K, which is close to the theoretical value 
(4.38 cm3 K mol-1)  for HS iron (III), assuming g = 2. The plots of χM and 1/χM show Curie-Weiss 
paramagnetism, with C = 4.110 cm3 K mol-1 and θ = -2.743 K (R2 = 0.9997). This is consistent with 
previous results [74].  
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Figure 5.7 Cs[Fe(thsa)2].4H2O Temperature dependant magnetic susceptibility (χMT) plot with temperature 
vs. χM and 1/χM in the inset. 
Magnetisation plots for Cs[Fe(5-Clthsa)2] are shown in Figure 5.8. χMT is measured between 
2 - 300 - 2 K. At 300 K χMT is 1.724 cm
3 K mol-1, which gradually increases to 2.598 cm3 K mol-1 at 80 K, 
followed by a sharper decrease to 0.367 cm3 K mol-1 at 2 K. Upon cooling a similar curve is observed. 
These χMT values are between those expected for iron (III) in the HS (4.37 cm
3 K mol-1) or LS state 
(0.37 cm3 K mol-1), assuming g = 2. The curves are similar to those observed for Li[Fe(thsa)2].3H2O, 
thus the same explanations can be applied; either Cs[Fe(5-Clthsa)2] is an impure sample, although 
elemental analysis results were good, or iron (III) exists in the LS state, thus has a triply degenerate 
ground state and the orbital contribution in addition to the spin contribution must be accounted for. 
Magnetisation was also measured at 2 K, with magnetic fields sweeping ± 100 G, ± 1,000 G and 
± 10,000 G, the latter of which is shown in Figure 5.8. The diagonal nature of the line indicates the 
material is magnetically dilute, as expected for a paramagnet. 
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Figure 5.8 Cs[Fe(5-Clthsa)2]: χMT plot vs. temperature (left) and magnetisation versus field plot at 2 K (right). 
5.4.3 Magnetisation Studies of Potassium Salts of thsa complexes 
Magnetisation plots for K[Fe(thsa)2] are shown in Figure 5.9. At 350 K, χMT is 1.357 cm
3 K mol-1, this 
gradually decreases to 1.123 cm3 K mol-1 at 285 K, before rapidly dropping to 0.905 cm3 K mol-1 at 
260 K. Between 260 K and 40 K χMT remains steady. Below 40 K χMT rapidly drops to 0.382 χMT at 2 K, 
characteristic of ZFS. The curves are characteristic of an incomplete step-wise transition, however 
the χMT values before the transition (260 K) are twice as high than the expected value for iron (III) in 
the LS state (0.37 cm3 K mol-1), assuming g = 2. This could either indicate that ca. 13% of iron (III) 
remains in the HS state below 260 K, or it could also indicate two S = 1/2 moieties are contributing to 
the magnetism, such as there could be two non-equivalent iron centres present in the structure. The 
first observable mid-point in the step-wise transition is at 285 K, at which ca. 18% iron (III) is in the 
HS state. At 350 K, the upper limit of the current instrument, the χMT value corresponds to ca. 25% 
or iron (III) in the HS state, and it appears the χMT is still increasing. Plots of χM and 1/χM vs. 
temperature show K[Fe(thsa)2] is a Curie-Weiss paramagnet. The Curie Weiss law is fitted to the 
linear paramagnetic region (40 – 260 K) in the latter plot, to determine C = 0.906 cm3 K mol-1, and 
θ = -4.750 K (R2 = 0.9996).  
Magnetisation plots for K[Fe(5-Brthsa)2] are shown in Figure 5.10. The plot of χMT vs. temperature 
appears to show stepwise transitions, with evidence of ZFS below 40 K. At 300 K, χMT is 
4.868 cm3 K mol-1, and decreases to 2.575 cm3 K mol-1 at 50 K, with a step in the transition at 180 K 
with a χMT value of 3.664 cm
3 K mol-1. As the temperature decreases from 300 to 180 to 50 K, the 
percentage of the iron (III) in the HS state drops from 100% to 87% to 60% (calculated assuming 
g = 2). These curves are characteristic of an incomplete step-wise SCO transition. Plots of χM and 
1/χM vs. temperature show K[Fe(5-Brthsa)2] is a Curie-Weiss paramagnet. The Curie Weiss law is 
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fitted to the linear paramagnetic region (40 – 90 K) in the latter plot, to determine 
C = 2.789 cm3 K mol-1, and θ = -4.332 K (R2 = 0.9999).  
Magnetisation plots for K[Fe(5-Clthsa)2] are shown in Figure 5.11. The plot of χMT vs. temperature 
shows one transition between 220 and 240 K, with evidence of ZFS below 50 K. At 240 K, χMT is 
2.300 cm3 K mol-1, and decreases to 1.656 cm3 K mol-1 at 220 K, where it is steady until 50 K. As the 
temperature decreases from 240 to 220 K, the percentage of the iron (III) in the HS state drops from 
68% to 52% (calculated assuming g = 2). These curves are characteristic of an incomplete SCO 
transition. Plots of χM and 1/χM vs. temperature show K[Fe(5-Clthsa)2] is a Curie-Weiss paramagnet. 
The Curie Weiss law is fitted to the linear paramagnetic region (50 – 220 K) in the latter plot, to 
determine C = 1.634 cm3 K mol-1, and θ = 3.597 K (R2 = 0.9994).  
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Figure 5.9 K[Fe(thsa)2] Temperature dependant magnetic susceptibility (χMT) plot with temperature vs. χM 
and 1/χM in the inset. 
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Figure 5.10 K[Fe(5-Brthsa)2] Temperature dependant magnetic susceptibility (χMT) plot with temperature vs. 
χM and 1/χM in the inset. 
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Figure 5.11 K[Fe(5-Clthsa)2] Temperature dependant magnetic susceptibility (χMT) plot with temperature vs. 
χM and 1/χM in the inset. 
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5.4.4 Magnetisation Studies of TTF Salts of thsa complexes  
Magnetisation plots for TTF[Fe(thsa)2] are shown in Figure 5.12. At 300 K χMT is 3.852 cm
3 K mol-1, 
lower than the theoretical value (4.74 cm3 K mol-1) for HS iron (III) with S = ½ contribution from TTF 
assuming g = 2, which could indicate only ca. 78% of iron (III) is in the HS state. χMT gradually 
decreases to 2.296 cm3 K mol-1 at 15 K. This decrease is not characteristic of SCO, and is likely 
explained by antiferromagnetic coupling between iron and TTF. Below 10 K ZFS is observed. Plots of 
χM and 1/χM vs. temperature show TTF[Fe(thsa)2] is a Curie-Weiss paramagnet. The Curie Weiss law 
is fitted to the linear paramagnetic region (15 – 300 K) in the latter plot, to determine 
C = 4.01 cm3 K mol-1, and θ = -20.452 K (R2 = 0.9987). A large negative Weiss constant is a further 
indication of the presence of antiferromagnetic coupling. TTF[Fe(thsa)2] contains cationic potential-
conducting moiety TTF+. If this material is a conductor, electrons are delocalized and 
antiferromagnetic coupling should be less pronounced. However pronounced antiferromagnetic 
coupling is observed, suggesting this material is an insulator. To summarise, iron (III) exists in the HS 
state between 2 – 300 K in TTF[Fe(thsa)2], and there is pronounced antiferromagnetic coupling.  
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Figure 5.12 TTF[Fe(thsa)2] Temperature dependant magnetic susceptibility (χMT) plot with temperature vs. 
χM and 1/χM in the inset. 
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Magnetisation plots for TTF[Fe(5-Brthsa)2] are shown in Figure 5.13. At 300 K χMT is 
3.103 cm3 K mol-1, lower than the theoretical value of 4.74 cm3 K mol-1 expected for HS iron (III) and 
one S = 1/2 contribution from TTF, assuming g = 2. This either suggests iron (III) exists in a mixture of 
both the HS (ca. 59%) and LS states (ca. 41%), or antiferromagnetic coupling between iron and TTF is 
reducing the magnetic contribution observed. As temperature decreases, χMT decreases also, similar 
to that observed for TTF[Fe(thsa)2]. At 15 K, χMT has decreased to 1.880 cm
3 K mol-1. ZFS is observed 
below 10 K. Plots of χM and 1/χM vs temperature show TTF[Fe(5-Brthsa)2] is a Curie-Weiss 
paramagnet. The Curie Weiss law is fitted to the linear paramagnetic region (15 – 300 K) in the latter 
plot, to determine C = 3.176 cm3 K mol-1, and θ = -21.733 K (R2 = 0.9937). A negative Weiss constant 
is a further indication of the presence of antiferromagnetic coupling.  
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Figure 5.13 Temperature dependant magnetic susceptibility (χMT) plot for TTF[Fe(5-Brthsa)2] with 
temperature versus χM and 1/χM in the inset. 
5.5 Conductivity  
Resistance was measured on pressed pellets of TTF[Fe(thsa)2] and TTF[Fe(5-Brthsa)2]. Both were 
found to have a resistance greater than 1 GΩ. This is not surprising due to the anisotropic nature of 
conductivity, and unfortunately single crystals could not be obtained for any of the potentially 
conducting thsa salts.  
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5.6 Differential Scanning Calorimetry 
The following samples were analysed by DSC, with the temperature range used in parenthesis: 
Li[Fe(thsa)2].3H2O (173 to 373 K), Li[Fe(5-Brthsa)2].H2O (173 to 423 K), [Fe(Hthsa)(thsa)].H2O (173 to 
323 K), K[Fe(thsa)2] (173 to 423 K), K[Fe(5-Brthsa)2] (173 to 333 K), K[Fe(5-Clthsa)2] (173 to 373 K), 
Cs[Fe(thsa)2] (173 to 208 K), Cs[Fe(5-Brthsa)2] (173 to 473 K), Cs[Fe(5-Clthsa)2] (173 to 473 K) and 
TTF[Fe(5Brthsa)2] (173 to 373 K).  
DSC curves for lithium salts showed no peaks. This is contradictory to DSC curves reported by 
Floquet et al. where small peaks at 330 K and 291 K were observed for Li[Fe(5-Brthsa)2] [17]. DSC 
curves of [Fe(Hthsa)(thsa)].H2O  show peaks upon heating (Tc↑) and cooling (Tc↓) at 284 and 276 K 
respectively (Figure 5.14). The energy of transitions are 0.913 and 1.329 kJ mol-1, lower than 
expected for SCO, however peak positions are consistent with those for the transition reported by 
Floquet et al. [26]. K[Fe(thsa)2] shows sharp peaks at 414 (Tc↑) and 416 K (Tc↓) (Figure 5.14), with 
transition energies of 10.327 and 9.690 kJ mol-1 respectively, which are indicative of a SCO transition. 
DSC measurements of K[Fe(5-Brthsa)2] and K[Fe(5-Clthsa)2] (Figure 5.14) do not show any distinctive 
peaks, however lines are curved indicating the possible occurrence of transitions. Minor anomalies 
are observed for K[Fe(5-Clthsa)2] at 238 K (Tc↑) and 229 K (Tc↓), both with very small enthalpy values 
(< 1 kJ mol-1). Therefore it is difficult to conclude whether any transitions are occurring. Whilst DSC 
curves for Cs[Fe(thsa)2+ don’t exhibit any transitions, Cs*Fe(5-Brthsa)2] and Cs[Fe(5-Clthsa)2] do 
exhibit distinctive peaks (Figure 5.14). Cs[Fe(5-Brthsa)2] shows sharp peaks at 433 (Tc↑) and 428 K 
(Tc↓), with transition energies of 11.245 and 12.858 kJ mol
-1 respectively, indicating possible SCO. 
This material is reported to exist in the LS state at room temperature [93], further supporting the 
possibility that these peaks could indicate a SCO transition. Cs[Fe(5-Clthsa)2] shows sharp peaks at 
446 (Tc↑) and 442 K (Tc↓), with transition energies of 11.021 and 11.279 kJ mol
-1 respectively, again 
characteristic of a SCO. 
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Figure 5.14 DSC curves for [Fe(Hthsa)(thsa)] and K[Fe(thsa)2] (top) and Cs[Fe(5-Brthsa)2], K[Fe(5-Brthsa)2] 
and K[Fe(5-Clthsa)2] (middle) and Cs[Fe(5-Clthsa)2] (bottom). 
5.7 Discussion 
5.7.1 Challenges in Synthesis 
5.7.1.1 Synthesis of Anionic Iron Complexes with thsa ligands 
Complexes were synthesised with a range of cations, beginning with lithium. Lithium salts of the iron 
complex were synthesised with thsa, 5-Brthsa and 5-Clthsa, following the procedure outlined for 
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5-Brthsa by Floquet et al. [17]. The elemental analysis results are agreeable, and indicate all salts are 
hydrated. However, the lithium salts were sparsely soluble, therefore the next reaction with 
conducting moieties was difficult as mutual solvents couldn’t be found. It was therefore decided to 
synthesise these complexes with an alternative cation. 
The next attempt to yield anionic thsa complexes used ammonium hydroxide in the synthesis 
following the procedure outlined by Zelentsov et al. [75], who reported the synthesis of 
NH4[Fe(thsa)2]. This yielded single crystals suitable for SC-XRD. The structure was in fact a neutral 
complex [Fe(Hthsa)(thsa)].H2O (described in section 5.3.1), and is consistent with the elemental 
analysis results.  
The next attempt to yield anionic salts was with a tetrabutylammonium (Bu4N) cation. Elemental 
analysis of the products with all ligands indicates most of the products are a mix of neutral and 
anionic complex (except for complexes of thsa and 3-OMe-5-NO2thsa2, which are purely neutral 
complexes). For example, the experimental percentages of carbon, hydrogen and nitrogen in the 
product from the synthesis of Bu4N.[Fe(5-Brthsa)2] are a closer fit to a 1:1 mixture of the anionic and 
neutral product, than either the anionic or neutral complex alone, shown in Table 5.5. From the 
elemental analysis results, it cannot be ruled out the product is neutral complex with Bu4N.OH 
impurities.  Therefore, IR spectra were examined more closely.  
Table 5.5 Elemental analysis results for Bu4N.[Fe(5-Brthsa)2], compared to [Fe(H5-Brthsa)(5-Brthsa)].  
 % Carbon % Hydrogen % Nitrogen 
Bu4N.[Fe(5-Brthsa)2] 45.53 5.92 11.62 
[Fe(H5-Brthsa)(5-Brthsa)] 31.87 2.49 13.94 
1:1 mix of above 39.86 4.43 12.59 
Experimental values 36.37 3.52 12.92 
 
Upon complexation of a salicylaldehyde thiosemicarbazone ligand, several notable changes should 
be seen in the infra-red spectra [17, 94, 95]. Firstly, the azomethyne N3=C2H (see Figure 5.1 for atom 
numbering scheme) peak is reported to shift negatively by approximately 10 cm-1 from 
1600 ± 10 cm-1 [94]. Continuing with the example of Bu4N.[Fe(5-Brthsa)2] used for elemental 
analysis, experimentally, the peak shifts from 1599 cm-1 in the spectra of 5-Brthsa to 1600 cm-1 in the 
spectra of the complex product. The sensitivity of the IR spectrometer used is ± 4 cm-1, making it 
hard to reliably identify peak shifts of ± 10 cm-1. Secondly, upon complexation peaks at 3161 cm-1 
and 1064 cm-1 should disappear [17] due to the loss of the hydrogen on N4 and the loss of the C5=S6 
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double bond. Experimentally, in the 5-Brthsa spectrum, there are peaks at 3155, 3131 and a small 
peak at 1064 cm-1. In the complex spectrum, the peaks a 3131 and 1064 cm-1 have disappeared. 
Thirdly, a new band should appear in the region 1630 – 1595 cm-1 due to the formation of a double 
bond between N4-C5 [17]. Experimentally, this additional peak is not observed, possibly because it is 
masked by the strong broad azomethyne peak at 1599 cm-1. Thus far the experimental changes in IR 
spectra upon complexation, as expected from literature, are not conclusive.  If the product is the 
intended anionic iron complex each thsa ligand will be dianionic. However if the product is a neutral 
complex, one ligand is monoanionic Hthsa, and the other ligand is dianionic thsa (shown above in 
Figure 5.1). This means the expected changes in the IR spectra (listed above) may no longer be 
applicable. Finally, Bu4N
+ has distinctive peaks between 2995 and 2860 cm-1. In the spectra of 
Bu4N[Fe(5-Brthsa)2], a peak at 2995 cm
-1 indicates the presence of Bu4N
+. However this still does not 
confirm whether it is present as counterion to the anionic complex, or as impurity Bu4N.OH.  
NMR spectroscopy would have been an additional useful tool in identifying the charge on the ligand, 
however due to the paramagnetic nature of iron (III) (regardless of whether it is in the LS or HS 
state), peaks were broadened beyond characterisation [96]. In conclusion, attempts to synthesise 
tetrabutylammonium salts of iron (III) thsa complexes yielded a mixture of anionic and neutral 
complexes, therefore more alternative cations were tried; potassium and caesium. The synthesis 
involved caesium hydroxide following the procedure outlined by Tido [74], or potassium hydroxide 
in an analogous procedure, with thsa, 5-Brthsa and 5-Clthsa. Elemental analysis results were highly 
agreeable for all products except Cs[Fe(5-Brthsa)2], which contained impurity caesium hydroxide. 
The caesium and potassium thsa salts were soluble in a range of solvents, thus were used in onwards 
metathesis reactions.   
5.7.1.2 Synthesis of TTF/BEDT-TTF/TMTSF Salts of Iron (III) Complexes with thsa ligands 
Metathesis reactions between anionic iron (III) thsa complexes and TTF3(BF4)2 were limited, primarily 
by the solubility of the starting materials in a mutual solvent. Acetonitrile was the best option. Also 
the starting materials and products were all black powders, hindering the observation of whether a 
reaction has been successful. Finally, unlike the previous molecular conductors (TCNQ-, [Ni(mnt)2]
- 
etc.) which had very distinctive peaks in IR spectra, TTF does not give such distinctive peaks, and can 
overlap with peaks arising from the ligands. Metathesis reactions were attempted with lithium, Bu4N 
and potassium salts of [Fe(X-thsa)2] where X = H, 5-Br and 5-Cl. The low solubility of lithium salts 
resulted in no product. Despite concluding Bu4N[Fe(5-Brthsa)2] is a mixture of anionic and neutral 
complex, analysis of the metathesis reaction product indicates the cationic TTF in solution selectively 
combines with the anionic complex present, and this explains the low yields obtained (< 55%). The 
reaction with caesium and potassium salts produced low yields of materials which couldn’t be 
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characterised. Metathesis reactions with BEDT-TTF or TMTSF salts could not be done because a 
simple method for their chemical oxidation which yields soluble salts has not been found.   
Synthesising TTF, BEDT-TTF and TMTSF salts electrochemically was also attempted. Many variables 
can be adapted, starting material, solvent, current, and finding a successful combination was a 
lengthy process. After many unsuccessful attempts with electrocrystallisation (section 2.4.4.3), 
several successful combinations were found; TTF and K[Fe(thsa)2] in acetonitrile, and ET or TMTSF 
with K[Fe(thsa)2] in Benzonitrile with 18-Crown-6. A sufficient amount of microcrystalline solid of 
TTF[Fe(thsa)2] was produced for elemental analysis, IR and SQUID analysis. Unfortunately the 
product was not of suitable quality for SC-XRD. Attempts with other derivatives of thsa (5-Br, 5-Cl 
etc.) have so far been unsuccessful, and require further investigation.  
5.7.2 Observed Spin States and SCO Behaviour of Synthesised Salts 
K[Fe(thsa)2] appears to undergo an incomplete SCO transition, starting at 250 K and continuing 
beyond 350 K. DSC shows an abrupt reversible transition at ca. 415 K, which could indicate the end 
of the structural transition, however further analysis is required to confirm this. SQUID data 
indicates K[Fe(5-Brthsa)2] exists in the HS state at 300 K, and undergoes a  two-step transition 
between 300 and 120 K, where the complex exists in a mix of HS and LS states. DSC measurements 
did not show any significant peaks, however curved lines could indicate the occurrence of 
transitions. SQUID data shows K[Fe(5-Clthsa)2] exists in a mix of HS and LS states, and undergoes a 
transition between 220 and 240 K, during which the proportion of the complex in the HS state 
increases from 52% to 68%. DSC curves show very small anomalies at 229 and 238 K which 
correspond well to the values observed for the transition in the SQUID. Comparing potassium salts, 
the LS state is least stabilised in K[Fe(5-Brthsa)2], followed by K[Fe(5-Clthsa)2] and K[Fe(thsa)2], which 
exist in a mix of HS and LS states. This follows the trend observed by van Koningsbruggen et al. that 
non-substituted ligands preferred the LS state compared to halogenated derivatives (section 5.1) [6]. 
Cs[Fe(thsa)2].4H2O was found to exist in the HS state between 2 and 300 K from both SQUID data 
(χMT = 4.01 cm
3 K mol-1) and SC-XRD (Fe-N bond lengths 2.182 Å), and no peaks were observed from 
DSC. This is consistent with previously reported results [74], and with non-hydrated Cs[Fe(thsa)2] 
[91]. Cs[Fe(5-Brthsa)2] exists in the LS state at room temperature [93]. Therefore the substitution of 
bromine on to the ligand changes the material from HS to LS at room temperature. DSC curves 
indicate Cs[Fe(5-Brthsa)2] undergoes a structural transition at ca. 430 K, however this has not been 
confirmed as a SCO transition. Cs[Fe(5-Clthsa)2] is similar to Cs[Fe(5-Brthsa)2]; SQUID data indicates it 
exists in the LS state between 2 and 300 K, and DSC curves show a structural transition at ca. 445 K. 
This suggests the addition of a halogen on to the ring stabilises the LS state at room temperature, 
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which represents an increase in the crystal field splitting (Δo). This is the opposite trend to that 
observed in potassium salts, and previous published observations [6]; where the non-substituted 
ligand favoured the LS state over the halogenated derivatives. 
SQUID data for Li[Fe(thsa)2].3H2O indicates it adopts the LS state between 2 and 300 K, and DSC 
curves showed no peaks upon heating or cooling. This is consistent with Li[Fe(thsa)2].2H2O, which is 
also found to exist in the LS state at room temperature [75]. When the ligand remains constant 
(thsa), changing the cation also has a large effect on SCO behaviour; the lithium complex remains in 
the LS state, the potassium complex exhibits incomplete SCO, and the caesium complex remains in 
the HS state. This suggests the size of the cation is important; the LS state is preferred with small 
cations (lithium) the HS state is preferred with large cations (caesium), and the optimal size is in the 
middle, where a SCO transition occurs (potassium). Simple trends have been observed in the above 
salts, however these are not absolute due to the many factors which must be taken into account for 
every variation in parameter, such as the existence of polymorphs and the changes in hydration. For 
a full comparison on the effect of cation on SCO behaviour, structural information is required.   
Both TTF[Fe(thsa)2] and TTF[Fe(5-Brthsa)2] appear to exist in a mix of both the HS and LS state, 
according to SQUID data. DSC curves of TTF[Fe(5-Brthsa)2] showed no transitions between 173 and 
373 K. Due to low yields and inconsistent results in synthesis, there was an insufficient quantity of 
either product to conduct any further analyses.  
5.8 Conclusion 
The number of published salts containing anionic SCO complexes is far outnumbered by cationic SCO 
complexes. Previous investigations have looked at the effects of adding substituents on the ligand, 
changing the outer sphere cation, and the degree of hydration. Various salts containing derivatives 
of thsa have been found to exhibit SCO transitions, but also some are reported to remain in the HS 
or LS state (section 5.1). In this chapter, additional ligand derivations have been synthesised, and 
underwent complexation reactions. A summary of the primary materials studied and their spin state 
is shown in Table 5.6. The synthesis of TTF salts with iron (III) complexes of thsa is unprecedented 
and opens up a possible route to multifunctional materials.  
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Table 5.6 Summary of iron (III) spin state and SCO behaviour in [Fe(Hthsa)(thsa)].H2O, 
[Fe(5-BrHthsa)(5-Brthsa)].H2O, [Fe(5-ClHthsa)(5-Clthsa)].H2O, Li[Fe(thsa)2].3H2O, Li[Fe(5-Brthsa)2].H2O, 
Cs[Fe(thsa)2].4H2O, Cs[Fe(5-Brthsa)2].4H2O, Cs[Fe(5-Clthsa)2], K[Fe(thsa)2], K[Fe(5-Brthsa)2], K[Fe(5-Clthsa)2], 
TTF[Fe(thsa)2] and TTF[Fe(5-Brthsa)2], and a dash indicates spin state is unknown. 
Ligand Neutral Li K Cs TTF 
H 
LS at 100 K.  
SCO between 
276-284 K [26] 
LS 2 – 300 K, 
consistent with 
Li[Fe(thsa)2].2H2O [75] 
Incomplete 
stepwise SCO 
Cs[Fe(thsa)2].4H2O  
HS 2 - 300 K, 
consistent with [74] 
HS and 
LS mix 
5-Br 
SCO between 
225–228 K 
[26] 
SCO centred around 
313 K [17] 
Incomplete 
stepwise SCO 
LS 2-300 K, consistent 
with [93], potential 
SCO at 430 K  
HS and 
LS mix 
5-Cl 
SCO at 194 K 
[26] 
- 
Incomplete 
stepwise SCO 
LS 2-300 K, potential 
SCO at 445 K 
- 
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6.1 Introduction 
As explored in previous sections, the combination of ionic SCO materials with other building blocks 
such as ionic conductors or molecular magnets has long been an aim. However the combination of 
cationic SCO materials with anionic SCO materials is a vastly unexplored area. This combination of a 
cationic SCO material with an anionic SCO material is referred to as a SCO double salt. SCO double 
salts are expected to have enhanced cooperativity due to the greater number of potential-SCO 
centres, which could result in larger hysteresis loops. SCO double salts could also be multiply bistable 
or tristable, properties which have exciting prospects in ternary data storage.  The growing number 
of materials found to exhibit SCO provides a huge flexibility when designing SCO double salt 
materials. Only one previous example of a SCO double salt has been found; 
[FeII(dppL4)2][Fe
III(thsa)2]2.MeOH.4H2O, where dppL4 is 2,6-Bis(pyrazolyl)pyridine, and thsa is 
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salicylaldehyde thiosemicarbazone [74]. Magnetic measurements indicated the two iron (III) centres 
undergo abrupt non-hysteretic SCO at 272 K, whilst the iron (II) centre remains in the HS state.  
6.2 Synthesis and Characterisation 
Four potential SCO double salts have been synthesised by combining four cations ([Fe(dppLX)2]
+ 
where X = 1 - 4 (section 2.4.2.2) with one anion ([Fe(thsa)2]
- section 2.4.4.2). The procedure followed 
was analogous to that previously outlined [74]; a methanolic solution of [Fe(dppLX)2](BF4)2  (where X 
= 1 - 4) was mixed with an aqueous solution of Cs[Fe(thsa)2] and the product instantly precipitated 
out of solution. Products were characterised using elemental analysis and IR spectroscopy, detailed 
in section 2.4.5.  
6.3 SQUID Magnetisation Measurements 
Temperature dependent magnetic susceptibility plots for [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 – 4) 
are shown in Figure 6.1. Table 6.1 shows the calculated χMT values for the possible combination of 
one iron (II) and two iron (III) moieties in different spin states. [Fe(dppL1)2][Fe(thsa)2] shows a non-
hysteretic transition centred around 275 K. At 350 K, χMT is 10.452 cm
3 K mol-1, slightly lower than 
the expected value for HS iron (II) and two HS iron (III). At 200 K, χMT is 6.100 cm
3 K mol-1 on the 
warming run, and 6.805 cm3 K mol-1 on the cooling run. With further cooling the χMT values upon 
cooling are expected to compare with those upon warming. At 100 K, χMT is 5.428 cm
3 K mol-1, close 
to the expected value for one LS iron (II), one LS iron (III) and one HS iron (III). The rapid decrease in 
χMT below 50 K is indicative of Zero Field Splitting (ZFS). To summarise, [Fe(dppL1)2][Fe(thsa)2]2 
shows a fairly abrupt transition of one iron (II) and one iron (III) centre around 275 K, whilst the 
second iron (III) centre remains in the HS state.  
Table 6.1 Theoretical χMT values for possible combinations of one iron (II) and two iron (III) spin states, 
assuming g = 2.  
Iron (II) Iron (III) χMT (cm
3 K mol-1) 
HS 
2x HS 11.74 
1x HS 1x LS 7.74 
2x LS 3.74 
LS 
2x HS 8.74 
1x HS 1x LS 4.74 
2x LS 0.74 
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[Fe(dppL2)2][Fe(thsa)2]2 shows a hysteretic transition between 200 K and 280 K. At 350 K, χMT is 
10.540 cm3 K mol-1, slightly lower than the expected value for HS iron (II) and two HS iron (III). At 
200 K χMT is 2.735 cm
3 K mol-1, slightly lower than the expected value for one HS iron (II) and two LS 
iron (III) centres. During heating, the transition is very abrupt at 275 K, whereas upon cooling the 
transition appears to be stepwise, the mid-point of which is at 245 K, where χMT is 7.365 cm
3 K mol-1, 
very close to the expected value for one HS iron (II), one HS iron (III) and one LS iron (III). The width 
of the hysteresis curve is ca. 35 K. The rapid decrease in χMT below 50 K is indicative of ZFS. To 
summarise, [Fe(dppL2)2][Fe(thsa)2]2 shows hysteretic SCO of two iron (III) centres between 200 K and 
280 K whilst iron (II) remains in the HS state.  
[Fe(dppL3)2][Fe(thsa)2]2 shows a hysteretic transition between 180 K and 280 K. At 280 K, χMT is 
11.460 cm3 K mol-1, corresponding to HS iron (II) and two HS iron (III) centres. At 180 K, χMT is 
3.663 cm3 K mol-1, corresponding to HS iron (II) and two LS iron (III). During heating the transition is 
very abrupt at 270 K, whereas upon cooling the transition appears to be step-wise, with a midpoint 
at 250 K. χMT is 8.074 cm
3 K mol-1, corresponding well to one HS iron (II), one HS iron (III) and one LS 
iron (III). The width of the hysteresis curve is ca. 30 K. Below 180 K χMT gradually decreases down to 
0.853 cm3 K mol-1 (at 2 K), which corresponds to χMT value expected for one LS iron (II) and two LS 
iron (III) centres. To summarise, [Fe(dppL3)2][Fe(thsa)2]2 undergoes abrupt hysteretic SCO of two 
iron (III) centres between 180 K and 280 K whilst iron (II) remains in the HS state, and below 180 K 
gradual SCO of iron (II) occurs.  
[Fe(dppL4)2][Fe(thsa)2]2 shows an abrupt transition between 220 K and 280 K. At 350 K, χMT is 
10.697 cm3 K mol-1, slightly lower than the expected value for HS iron (II) and two HS iron (III) 
centres. At 220 K, χMT is 3.855 cm
3 K mol-1, corresponding to HS iron (II) and two LS iron (III) centres. 
During heating, the transition is abrupt at 265 K, whereas during cooling the transition is more 
gradual between 280 K and 220 K. The mid-point of this transition is 260 K, with χMT value of 
6.677 cm3 K mol-1, corresponding to one HS iron (II), one HS iron (III) and one LS iron (III). The width 
of the partial hysteresis curve is ca. 20 K. Below 50 K, the rapid decrease in χMT is indicative of ZFS. 
To summarise, [Fe(dppL4)2][Fe(thsa)2]2 shows abrupt SCO of two iron (III) centres between 220 K and 
280 K, whilst iron (II) remains in the HS state across all temperatures.  
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Figure 6.1 Temperature dependent magnetic susceptibility plots for [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4) 
whilst heating from 2 to 350 K, followed by cooling to 200 K. 
6.4 Differential Scanning Calorimetry 
DSC curves for [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4) are shown in Figure 6.2, all of which 
exhibited both an exothermic and endothermic peak upon cooling and heating respectively. The 
temperature and enthalpy of transitions are shown in Table 6.2. Similar enthalpy values upon 
heating and cooling indicates the transition is fully reversible. All peaks were reproducible on second 
heating and cooling cycles. 
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Figure 6.2 DSC for [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4) between 200 and 300 K with a heating and 
cooling rate of 10 K min-1. 
Table 6.2 Temperature and energy of transitions in DSC for [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4). 
SCO double salt Cycle Temperature (K) Enthalpy (kJ mol-1) 
[Fe(dppL1)2][Fe(thsa)2]2 
C 273 26.298 
W 277 24.808 
[Fe(dppL2)2][Fe(thsa)2]2 
C 273 17.708 
W 281 16.187 
[Fe(dppL3)2][Fe(thsa)2]2 
C 272 13.662 
W 278 12.746 
[Fe(dppL4)2][Fe(thsa)2]2 
C 267 9.102 
W 271 9.130 
 
6.5 Mössbauer Spectroscopy 
Variable temperature Mössbauer spectroscopy was employed to confirm the oxidation and spin 
states of the iron centres in [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4). The derived Mössbauer 
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parameters (isomer shift δ and quadrupole split ΔEQ) for [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4) at 
all temperatures analysed are shown in Table 6.3. The Mössbauer spectra of [Fe(dppL1)2][Fe(thsa)2]2 
at 298 K and 80 K are shown in Figure 6.3, and are very similar to the spectra obtained for 
[Fe(dppL4)2][Fe(thsa)2]2 (as demonstrated by the Mössbauer parameters). At 298 K, one 
environment is seen by a doublet peak with δ = 0.36 mm s-1 and ΔEQ = 0.68 mm s
-1, which is 
indicative of HS iron (III). At 80 K, two doublets are seen, 43% of the material remains in the HS state 
(δ = 0.43 mm s-1 and ΔEQ = 0.79 mm s
-1), whilst 58% of the material is represented by a second 
doublet with δ = 0.27 mm s-1 and ΔEQ = 2.85 mm s
-1, which is characteristic of LS iron (III). This 
transition was reversible upon returning to 298 K. In summary for [Fe(dppL1)2][Fe(thsa)2]2 and 
[Fe(dppL4)2][Fe(thsa)2]2, Mössbauer spectroscopy indicates 100% of the iron (III) exists in the HS 
state at 298 K, two thirds of which undergoes SCO to LS iron (III) at 80 K.  
[Fe(dppL2)2][Fe(thsa)2]2 was analysed using Mössbauer spectroscopy at additional temperatures. 
Selected Mössbauer spectra are shown in Figure 6.4, and the results for all temperatures are listed in 
Table 6.3. At 298 K, one doublet is seen with δ = 0.39 mm s-1 and ΔEQ = 0.70 mm s
-1. These 
parameters are indicative of HS iron (III). On reduction to 80 K, two doublets are seen; 32% of the 
material remains in the HS state, with δ = 0.46 mm s-1 and ΔEQ = 0.77 mm s
-1. The other 68% of the 
material has δ = 0.27 mm s-1 and ΔEQ = 2.83 mm s
-1. These parameters are indicative of LS iron (III). 
As the material is warmed, the proportion in the HS state increases to 35% at 200 K, 37% at 245 K, 
38% at 270 K and 281 K, and 73% at 291 K. Upon return to 298 K, only 83% of the material has 
returned to the HS state, 17% remains in the LS state. It is anticipated with a slightly higher 
temperature 100% of the material will return to the HS state.  
Mössbauer spectra of [Fe(dppL3)2][Fe(thsa)2]2 at 298 K and 80 K are shown in Figure 6.5. These were 
measured on a wider scale as Zeeman splitting was observed at 80 K, resulting in sextet splitting. At 
298 K, a doublet is seen with δ = 0.41 mm s-1 and ΔEQ = 0.67 mm s
-1, characteristic of HS iron (III). At 
80 K, a sextet is observed, within which the central doublet (δ = 0.30 mm s-1 and ΔEQ = 2.88 mm s
-1) is 
indicative of LS iron (III). Assuming [Fe(dppL3)2][Fe(thsa)2]2 was measured under the same conditions 
as the other SCO double salts, a magnetic field has arisen from unpaired electrons within the 
sample, something not observed for the other SCO double salts. Upon return to 298 K, a doublet is 
observed with δ = 0.39 mm s-1 and ΔEQ = 0.67 mm s
-1, confirming the transition is wholly reversible.  
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Figure 6.3 Mössbauer spectra for [Fe(dppL1)2][Fe(thsa)2]2 at 298 K (top) and 80 K (bottom).  
 
Figure 6.4 Mössbauer spectra for [Fe(dppL2)2][Fe(thsa)2]2 at 298 K, cooled to 80 K, heated to 291 K and 
298 K. 
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Figure 6.5 Mössbauer spectra (wide scale) for [Fe(dppL3)2][Fe(thsa)2]2 at 298 K (top) and 80 K (bottom). 
To summarise the Mössbauer spectroscopy results, [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4) at 
298 K have one doublet indicative of HS iron (III). When the temperature is reduced to 80 K, ca. two 
thirds of the material undergoes SCO to LS iron (III). [Fe(dppL3)2][Fe(thsa)2]2 is different as an 
induced internal magnetic field results in Zeeman splitting and a sextet is observed on the spectrum. 
[Fe(dppL2)2][Fe(thsa)2]2 was measured at additional temperatures, thus the temperature of the 
transition can be more specifically identified as between 281 – 298 K.  
All Mössbauer spectra show peaks indicative of iron (III) alone, however [Fe(dppLX)2][Fe(thsa)2]2 
(where X = 1 - 4) were expected to contain a 1:2 ratio of iron (II): iron (III), due to stoichiometry of 
the starting materials, elemental analysis results and magnetisation measurements. To gain 
additional insight into whether iron (II) is present in the materials, [Fe(dppLX)2][Fe(thsa)2]2 (where X 
= 1 - 4) were analysed using UV/Vis spectroscopy (section 6.6), and all conflicting evidence is 
discussed in section 6.9.1.  
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Table 6.3 Mössbauer parameters for [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4) at various temperatures 
(listed in chronological order). 
SCO double salts Temperature (K) 
Isomer shift  
(mm s-1) 
Quadrupole split  
(mm s-1) 
% 
[Fe(dppL1)2][Fe(thsa)2]2 
298 0.36 0.68 100 
80 
0.27 
0.43 
2.85 
0.79 
58 
43 
298 0.37 0.69 100 
[Fe(dppL2)2][Fe(thsa)2]2 
298 0.39 0.70 100 
80 
0.27 
0.46 
2.83 
0.77 
68 
32 
200 
0.26 
0.44 
2.83 
0.78 
65 
35 
245 
0.24 
0.44 
2.83 
0.75 
63 
37 
291 
0.26 
0.40 
2.81 
0.70 
30 
73 
80 
0.27 
0.46 
2.81 
0.70 
30 
73 
270 
0.22 
0.40 
2.78 
0.76 
62 
38 
281 
0.23 
0.38 
2.79 
0.72 
62 
38 
298 
0.24 
0.39 
2.73 
0.68 
17 
83 
[Fe(dppL3)2][Fe(thsa)2]2 
298 0.41 0.67 100 
80 
7.39 
4.65 
0.30 
-3.45 
-6.50 
- 
- 
2.88 
- 
- 
7 
5 
78 
4 
6 
298 0.39 0.67 100 
[Fe(dppL4)2][Fe(thsa)2]2 
298 0.38 0.69 100 
80 
0.28 
0.45 
2.83 
0.73 
63 
37 
298 0.38 0.67 100 
 
6.6 UV/Visible Spectroscopy 
Solutions of [Fe(dppLX)2](BF4)2 (where X = 1 - 4), Cs[Fe(thsa)2] and [Fe(dppLX)2][Fe(thsa)2]2 (where X = 
1 - 4) in methanol were analysed using UV/Vis spectroscopy, between 350 – 800 nm, shown in Figure 
6.6. Cs[Fe(thsa)2] containing iron (III) exhibits an obvious peak at ca. 602 nm. Below 500 nm the 
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spectrum is dominated by charge-transfer peaks. [Fe(dppL1)2](BF4)2 has a peak at ca. 442 nm, 
[Fe(dppL2)2](BF4)2 has a peak at ca. 472 nm, [Fe(dppL3)2](BF4)2 doesn’t exhibit any peaks, and 
[Fe(dppL4)2](BF4)2 has a shoulder peak to the charge transfer peak at ca. 430 nm. The dissolution of 
[Fe(dppL3)2](BF4)2 in methanol produces a white precipitate in a colourless solution, which was 
scanned after filtration. This could indicate [Fe(dppL3)2](BF4)2 is unstable in methanol. The 
implications of this are discussed further in section 6.9.1. [Fe(dppLX)2](BF4)2 (where X = 1 - 4) all 
exhibit charge-transfer peaks below ca. 350 nm. The spectra of [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 
- 4) all show a small change of gradient around 600 nm, indicating the presence of iron (III), however 
the presence of iron (II) cannot be concluded due to the dominance of charge-transfer peaks.  
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Figure 6.6 UV/Vis spectrum for [Fe(dppLX)2](BF4)2 (where X = 1 - 4), Cs[Fe(thsa)2] and [Fe(dppLX)2][Fe(thsa)2]2 
(where X = 1 - 4) between 350 and 800 nm.  
6.7 Description of Crystal Structures 
After multiple recrystallisation attempts, several methanolic solutions of [Fe(dppL4)2][Fe(thsa)2]2 
yielded crystals after storage at -20°C for several months. Crystals of two different morphologies 
were obtained; needles and plates. SC-XRD was used to characterise both crystals at 100 K; the 
needles gave a resolved structure, however the structure for the plates was not completely resolved. 
The crystal structure and refinement details for the needle are shown in Table 6.4, and the resolved 
structure in Figure 6.7. The structure shows a neutral iron complex with thsa ligands, not the 
expected SCO double salt. Because of this, in addition to the very large R2 values (> 25% for all data) 
this structure will not be discussed any further. The unresolved structure of the plates also indicates 
the presence of a neutral iron thsa complex, with additional, unidentified solvent molecules present.  
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Table 6.4 Crystal Structure and Refinement Data for the needle shaped crystal (see text). 
Temperature 100 K 
Empirical formula C54H46N22O4S4Fe 
Formula weight 1362.88 
Crystal system Orthorhombic 
Space group Pbca 
a, (Å) 18.635(3) 
b, (Å) 16.043(2) 
c, (Å) 12.3870(17) 
α, (deg) 90 
β, (deg) 90 
γ, (deg) 90 
Volume (Å3) 3703.3(9) 
Z 2 
Density (calculated, Mg / m3) 1.222 
Wavelength (Å) 0.71075 
Final R indices [F2 > 2σ(F2)] R = 0.1583, wR = 0.3647 
R indices (all data) R = 0.2549, wR = 0.4284 
 
 
Figure 6.7 Crystal structure of a neutral iron thsa complex (needle), with 50% thermal ellipsoids.  
Thus far analysis of the SCO double salts is confusing, with the synthesis procedure, elemental 
analysis and magnetisation data indicating the products are [FeII(dppLX)2][Fe
III(thsa)2]2 (where X = 1 - 
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4), however Mössbauer spectroscopy only shows the presence of iron (III), and UV/Vis spectroscopy 
is inconclusive on the presence of iron (II). Therefore further evidence is required to draw a 
conclusion. If the SCO double salts are neutral iron thsa complexes, as suggested by the crystal 
structure, this explains why only one environment for iron (III) is observed in the Mössbauer spectra, 
however it does not explain the different variable temperature magnetisation results for 
[Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4). Therefore the crystals of neutral iron thsa complexes are 
thought to be impurities present in [Fe(dppL4)2][Fe(thsa)2]2, and not the bulk product. This was 
proved using P-XRD in section 6.8.  
6.8 Powder X-Ray Diffraction Patterns 
P-XRD was used to analyse a powder sample of [Fe(dppL4)2][Fe(thsa)2]2 (before any recrystallisation 
attempts). This pattern was compared to patterns generated from the SC-XRD data of the needle 
and plates, shown in Figure 6.8. The focus of the comparison is on peak location, intensity cannot be 
compared as this varies between instruments. It can be concluded that the pattern from 
[Fe(dppL4)2][Fe(thsa)2]2 powder is not the same as the patterns generated from either the plate or 
the needle. Therefore it can be confirmed that the crystals of neutral iron thsa complexes obtained 
from the attempted recrystallisation of [Fe(dppL4)2][Fe(thsa)2]2 are merely impurities and not 
representative of the bulk powder.  
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Figure 6.8 P-XRD of [Fe(dppL4)2][Fe(thsa)2]2 powder (black) compared to powder patterns (red) generated 
from [Fe(dppL4)2][Fe(thsa)2]2 needle (left) and plate (right). 
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6.9 Discussion 
6.9.1 Piecing the Evidence Together 
Four SCO double salts were synthesised by combining cationic iron (II) complexes with an anionic 
iron (III) complex. The products were expected to contain a 1:2 ratio of iron (II) to iron (III). These 
were analysed by elemental analysis, SQUID magnetism, DSC, Mössbauer spectroscopy, UV/Vis 
spectroscopy, and in the case of [Fe(dppL4)2][Fe(thsa)2]2 SC-XRD and P-XRD. It thus far appears 
conflicting evidence has been obtained regarding the nature of the SCO double salts and the 
presence and stoichiometry of iron (II) and iron (III). 
Variable temperature magnetic data fit the hypotheses that [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4) 
contain one iron (II) and two iron (III), and each SCO double salt showed slightly different SCO 
behaviour. DSC curves showed transitions at temperatures correlating to the transitions observed in 
the SQUID. Any small discrepancies are accounted for by the lag time of thermal measurements [97]. 
Mössbauer spectroscopy was employed to confirm the 1:2 ratio or iron (II) to iron (III) and their 
relevant spin states. However only one environment was observed in each Mössbauer spectrum, 
which was characteristic of iron (III). Thus a new hypothesis has arisen; iron (II) has been oxidised to 
iron (III) during the synthesis process. This would result in a 3+ charge on the cationic complex, and 
the stoichiometry of [FeIII(dpp)2]
+ to [FeIII(thsa)2]
- would now be 1:3. However this hypothesis was 
discounted for a number of reasons; in the Mössbauer spectra, the material is 100% in the HS state 
at 298 K, and two thirds of the material undergoes SCO to the LS state at 80 K, which suggests the 
presence of three moieties, not four. The elemental analyses were recalculated based on a 1:3 ratio, 
and the results for [Fe(dppL4)2][Fe(thsa)2]2 are shown in Table 6.5. Whilst the elemental analyses 
could support either the 1:2 or 1:3 ratio, the 1:2 ratio gives a better fit. The magnetic data was also 
recalculated for the 1:3 ratio and the χMT replotted. For [Fe(dppL4)2][Fe(thsa)2]2, at 350 K χMT is 
14.086 cm3 K mol-1, which is closest to 13.48 cm3 K mol-1, the theoretical value for three HS and one 
LS iron (III). At 220 K, χMT is 5.055 cm
3 K mol-1, close to 5.48 cm3 K mol-1, the theoretical value for one 
HS and three LS iron (III). This suggests the SCO of two iron (III) whilst one remains in the HS state 
and one remains in the LS state. However this still does not fit the Mössbauer data as only one 
environment (HS iron (III)) is observed at 298 K. The same conclusion is drawn for 
[Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 – 3); the recalculated χMT values cannot easily be assigned to 
any HS/LS combination of four iron (III). UV/Vis spectroscopy was therefore employed to confirm the 
presence of iron (II) and/or iron (III) in the samples. Whilst the iron (III) peak was easily identifiable in 
the UV/Vis spectrum, charge-transfer peaks masked the iron (II) peaks, thus conclusions could not be 
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drawn. And finally, [Fe(dpp)2]
+ complexes have been widely studied and are reported to be fairly 
stable. Examples of iron (II) oxidising to iron (III) in this group of complexes have not been found.  
Crystals were obtained from a methanolic solution of [Fe(dppL4)2][Fe(thsa)2]2, however the resulting 
structures showed a neutral iron complex with ligands based on thsa. Whilst this could potentially 
agree with Mössbauer data showing the presence of solely iron (III), P-XRD showed that these 
isolated crystals were not representative of the bulk powder. Thus the possibility that all SCO double 
salts are in fact neutral iron thsa complexes can be discounted. This is further supported as the 
SQUID data shows different behaviour for each SCO double salt, and the elemental analyses show 
different carbon, hydrogen and nitrogen contents for each SCO double salt.  
In conclusion, there is conflicting evidence on the SCO double salts, and this could partially be due to 
repeat syntheses resulting in different ‘batches’ of product being used for each analysis. Whilst 
attempts were made to keep procedures identical, small changes could have affected the final 
products. The only procedural difference between that reported here and by Tido [74] is 
[Fe(dppL4)2](BF4)2 was used as the starting material compared to [Fe(dppL4)2](ClO4)2, which could 
have a different stability in solution. 
Table 6.5 Elemental analysis calculated for different stoichiometries of [Fe(dppL4)2][Fe(thsa)2]2. 
 Carbon (%) Hydrogen (%) Nitrogen (%) 
Experimental 46.98 3.54 22.32 
Calculated 1:2 ratio 47.60 3.38 22.62 
Calculated 1:3 ratio 46.58 3.32 21.74 
 
6.9.2 Comparing SCO behaviour to the individual iron complexes with other 
counterions 
The SCO behaviour of these SCO double salts (as observed from magnetic measurements) is in many 
ways unexpected, as the separate ionic counterparts have not all been found to exhibit SCO, 
highlighting again the importance of the counterion on SCO behaviour. Table 6.6 provides (but is not 
limited to) examples and SCO behaviour of the individual iron complexes with alternative 
counterions.  
[Fe(dppL1)2][Fe(thsa)2]2 exhibits SCO of one Fe (III) and one Fe (II) centre simultaneously, centred 
around 275 K. When comparing this behaviour to the individual SCO counterparts, [Fe(dppL1)2]
+ 
would be expected to be LS at room temperature as found for [Fe(dppL1)2](BF4)2. The SCO of only 
one [Fe(thsa)2]
-  whilst the other remains in the HS state indicates they are structurally different.  
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[Fe(dppL2)2][Fe(thsa)2]2 exhibits SCO of two Fe (III) centres simultaneously between 225-260 K, 
whilst Fe (II) remains in the HS state. This is surprising as [Fe(dppL2)2](BF4)2 and [Fe(dppL2)2](ClO4)2 
are both in the LS state at room temperature, whereas in [Fe(dppL2)2][Fe(thsa)2]2, [Fe(dppL2)2]
2+ is in 
the HS state between 2 and 350 K. SCO of the two [Fe(thsa)2]
- between 225 and 260 K is also not 
comparable to any other published data for iron complexes of thsa.  
Table 6.6 SCO behaviour of SCO double salt components for comparison. 
SCO double salt Component Alternative counterion SCO Behaviour Ref 
[Fe(dppL1)2]
2+ [Fe(dppL1)2](BF4)2 LS at room temperature [13] 
[Fe(dppL2)2]
2+ 
[Fe(dppL2)2](BF4)2 LS state at room temperature 
[14] 
[Fe(dppL2)2](ClO4)2 LS state at room temperature 
[Fe(dppL3)2]
2+ 
[Fe(dppL3)2](BF4)2 Abrupt SCO at 223 K 
[14] 
[Fe(dppL3)2](ClO4)2 Abrupt SCO at 206 K 
[Fe(dppL4)2]
2+ 
[Fe(dppL4)2](BF4)2 Abrupt SCO centred around 259 K 
[37] 
[Fe(dppL4)2](PF6)2 HS state between 25 and 300 K 
[Fe(thsa)2]
- 
Cs[Fe(thsa)2] HS state between 298 and 100 K 
[6] 
NH4[Fe(thsa)2] LS state at room temperature 
Li[Fe(thsa)2].2H2O LS state at room temperature 
Na[Fe(thsa)2].3H2O SCO around 80 K 
pyridineH[Fe(thsa)2] gradual SCO between 80 K and 180 K 
 
[Fe(dppL3)2][Fe(thsa)2]2 exhibits gradual SCO of Fe (II) below 180 K, and more abrupt SCO of the two 
Fe (III) centres simultaneously between 180 and 280 K. [Fe(dppL3)2]
2+ with other counterions (BF4 
and ClO4) show abrupt SCO around 223 or 206 K, whereas in [Fe(dppL3)2][Fe(thsa)2]2 the SCO 
transition is very gradual and below 180 K. The SCO of the two [Fe(thsa)2]
- between 180 and 280 K is 
not comparable to any other published data for iron complexes of thsa.  
[Fe(dppL4)2][Fe(thsa)2]2 exhibits SCO of two Fe (III) centres simultaneously between 220 and 280 K, 
whilst the Fe (II) centre remains in the HS state. [Fe(dppL4)2]
2+ in the HS state is comparable to the 
salt [Fe(dppL4)2](PF6)2. This however is dissimilar to [Fe(dppL4)2](BF4)2, which shows abrupt SCO at 
259 K. The SCO of the two [Fe(thsa)2]
- between 220 and 280 K is not comparable to any other 
published data for iron complexes of thsa. 
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6.9.3 Comparing [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4) 
By simple observation of the magnetic data it can be noted [Fe(dppLX)2][Fe(thsa)2]2 (where X = 2 - 4) 
have very similar curves, whereas [Fe(dppL1)2][Fe(thsa)2]2 is different. When looking in more detail 
at the χMT values, this difference corresponds to the SCO of one Fe (III) and one Fe (II) in 
[Fe(dppL1)2][Fe(thsa)2]2, compared to the SCO of two Fe (III) centres in [Fe(dppLX)2][Fe(thsa)2]2 
(where X = 2 - 4). This fundamental difference could be explained by looking at the structure of the 
dpp ligands and their effect on the crystal field splitting: Ligand dppL1 has a pyridine ring, which is 
more electron rich than the pyrazine ring, and it has methyl groups, which act as electron donators 
towards the pyrazole rings. This combination increases the crystal field splitting, making the HS and 
LS state more equally favourable, therefore SCO is more likely. [Fe(dppLX)2][Fe(thsa)2]2 (where X = 2 - 
4) have more electron deficient pyrazine groups, and/or no methyl groups donating electrons, thus 
the crystal field splitting is smaller and the high spin state is more favourable.  
When comparing the temperatures at which SCO occurs for [Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 
4), they are all very similar. This is because the same two Fe (III) centres are exhibiting SCO 
[Fe(thsa)2]
- for [Fe(dppLX)2][Fe(thsa)2]2 (where X = 2 - 4) (and one of these Fe (III) centres for 
[Fe(dppL1)2][Fe(thsa)2]2). During heating there is abrupt SCO between 270 K and 278 K for 
[Fe(dppLX)2][Fe(thsa)2]2 (where X = 1 - 4), and during cooling SCO occurs between 245 and 275 K. 
Crystal structures are required for further understanding and comparisons of SCO behaviour, where 
concepts such as Jahn-Teller Distortion [13] and cooperative contacts can be calculated.  
6.10 Conclusion 
Four SCO double salts have been synthesised and analysed by elemental analysis, SQUID, DSC, 
Mössbauer and UV/Vis spectroscopy, and in the case of [Fe(dppL4)2][Fe(thsa)2]2, P-XRD. Despite 
some conflicting results, the products undergo SCO transitions. This has expanded the field of SCO 
double salt research, and the huge number of possibilities for SCO double salt components makes 
this an exciting area of research worth pursuing.  
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Chapter 7  Conclusions and Outlook 
The primary aim of this research was to synthesise new materials which have the potential to exhibit 
a SCO transition. A number of novel materials have been synthesised and analysed using a variety of 
techniques including crystallography, SQUID magnetisation, conductivity measurements, differential 
scanning calorimetry and Mössbauer spectroscopy. A variety of properties have been exhibited, 
ranging from SCO transitions to long-range magnetic order to semiconductivity.  
Cationic iron (II) complexes with four dpp ligands were synthesised with tetrafluoroborate salts. 
Metathesis reactions between these and salts of TCNQ, [Ni(mnt)2] and [Ni(dmit)2] were attempted to 
varying success. [Fe(dppL2)2]TCNQ3.2MeCN did not undergo a SCO transition in the temperatures 
measured (2 – 300 K), however the 1D stacks of TCNQ trimers resulted in semiconductivity. 
[Fe(dppL1-3)2][Ni(mnt)2]2 salts were synthesised, and the small changes in the ligand structure were 
found to have a large effect on the spin state; [Fe(dppL1)2][Ni(mnt)2]2 was primarily in the LS state at 
room temperature, but SQUID magnetisation measurements indicated a possible SCO transition 
starting above room temperature. The powder form of [Fe(dppL2)2][Ni(mnt)2]2 exhibited gradual 
SCO between 100 and 300 K, behaviour which vastly changed when single crystals were measured. 
This was due to the presence of solvents in the crystal structure, highlighting the importance of 
solvent effects on SCO behaviour. [Fe(dppL2)2][Ni(mnt)2]2.2Me2CO existed in the LS state at room 
temperature, whereas [Fe(dppL2)2][Ni(mnt)2]2.MeNO2 appears to undergo a (partial) SCO transition 
between 80 and 300 K. [Fe(dppL3)2][Ni(mnt)2]2 exists in the HS state between 2 – 300 K. [Ni(dmit)2] 
salts of iron (II) complexes with dpp ligands also showed a variety of spin states and SCO behaviour. 
Unfortunately single crystals have not yet been obtained, however magnetic measurements 
revealed [Fe(dppL1)2][Ni(dmit)2]2 undergoes hysteretic SCO around 300 K, [Fe(dppL4)2][Ni(dmit)2]3 
undergoes a gradual SCO transition, whereas [Fe(dppL2)2][Ni(dmit)2]2 exists as a mix of the HS and LS 
state with no transitions observed. This again highlights the importance of the ligand on spin state 
and SCO behaviour.  
Cationic iron (III) complexes with substituted ligands of sal2-trien were synthesised as nitrate salts, 
which underwent metathesis reactions with salts of TCNQ, [Ni(mnt)2] and [Ni(dmit)2]. Whilst these 
products were initially investigated for their potential to exhibit SCO transitions and conductivity, 
only one product was found to undergo SCO ([Fe(3-OMe-5-NO2sal2-trien)]TCNQ), and no 
conductivity could be measured on any final products. However SQUID magnetisation 
measurements revealed the presence of long range magnetic order in two samples, a novel property 
for such complexes. [Fe(5-Brsal2-trien)][Ni(mnt)2] exhibited  ferrimagnetism, and 
[Fe(5-Clsal2-trien)][Ni(mnt)2] exhibited ferromagnetism, both with a TC of ca. 15 K. In both materials 
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long range magnetic order is thought to be due to iron – nickel interactions, and simply changing the 
halogen substitution on the ligand changes the alignment from antiparallel to parallel. This opens up 
a new material for investigation, and further study of the effects of adding substituents to the ligand 
on the long range magnetic order could be very interesting to research.   
The synthesis of anionic iron (III) complexes with substituted thsa ligands was attempted with 
lithium, ammonium, tetrabutylammonium, caesium and potassium cations. However, only the latter 
two were successful for the synthesis of an anionic complex with reasonable solubility, the other 
products were either largely insoluble (lithium salts), yielded neutral complexes (ammonium) or a 
mixture of neutral and anionic complexes (tetrabutylammonium). Metathesis reactions with 
TTF3(BF4)2 and potassium or caesium salts were difficult to perfect and identifying the products was 
not always straightforward. Sufficient product was obtained of TTF[Fe(5-Brthsa)2], allowing for 
SQUID magnetic measurements, which indicate the complex exists in a mix of the HS and LS states. 
Many electrocrystallisation experiments were attempted to yield TTF, BEDT-TTF and TMTSF salts of 
iron (III) complexes of thsa. Mutual solvents were found for each setup, but unfortunately no single 
crystals have yet been obtained. The only product obtained with a sufficient yield for SQUID 
magnetic measurements was TTF[Fe(thsa)2], which again revealed the complex exists in a mix of the 
HS and LS states. The synthesis of potential multifunctional materials in the form [Molecular 
Conductor]+[Potential SCO Complex]- has not previously been reported, thus this marks a step 
forward in this area of research.  
The synthesis of SCO double salts was approached by combining the already synthesised cationic 
iron (II) dpp complexes with anionic iron (III) complexes. Only one previous example of SCO Double 
salts has been found, making it a highly unexplored area of research. Cs[Fe(thsa)2].4H2O was mixed 
with [Fe(dppLX)2](BF4)2 (where X = 1 - 4), to yield four potential SCO double salts, which were 
analysed by SQUID, DSC, Mössbauer and UV/Vis spectroscopies and (for one salt) P-XRD. Although 
some confusing results were obtained, the products all showed SCO transitions in at least two iron 
centres, which were compared to the SCO behaviour of the individual complexes with other 
counterions. The research area of SCO double salts is wide open with hundreds of combinations of 
potential cationic and anionic SCO complexes available. With the anticipation of multi-step 
transitions and tristability exhibited by such materials, it could be a highly interesting area to pursue.  
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